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ABSTRACT 
Synthesis and surface functionalization of different types of semiconductor 
nanocrystals were extensively explored. High quality spherical nanocrystals (quantum dots, 
QDs) and rod-shaped nanocrystals (quantum rods, QRs) were prepared using 
organometallic approaches. To enhance the quantum yield and stability of these 
nanocrystals, methods for fabricating core-shell structured CdSe/ZnS QDs and core-shell-
shell structured nanorods were developed. The nanocrystal surfaces were modified to have 
different functional groups or to enable their dispersion into aqueous solutions. 
CdSe/ZnS QDs were made water soluble via ligand exchange with dihydrolipoic 
acid (DHLA). Dual end-functionalized telechelic poly(N-isopropylacrylamide) (PNIPAM) 
was synthesized using reversible addition-fragmentation chain-transfer (RAFT) 
polymerization methodology. One end of the polymer chain was coupled to a fluorescent 
dye and the other end was covalently coupled to CdSe/ZnS QDs using carbodiimide 
chemistry. The hybrid nanoparticles exhibit ratiometric changes in fluorescence emission 
upon temperature cycling between 25 °C and 45 °C due to a fluorescence resonance energy 
transfer mechanism. 
As a continuous work to explore the photovoltaic application of semiconductor 
nanocrystals, a series of low bandgap semi-random copolymers incorporating various 
ratios of two acceptor units: thienothiadiazole and benzothiadiazole were synthesized using
iv 
Pd-catalyzed Stille-coupling methodology. The copolymer films exhibited broad and 
intense absorption spectra, covering the spectral range from 350 nm up to 1240 nm. The 
optical bandgaps and highest occupied molecular orbital (HOMO) levels of the polymers 
were calculated from ultraviolet-visible spectroscopy and cyclic voltammetry 
measurements, respectively. By changing the ratio of the two acceptor monomers, the 
HOMO levels of the polymers were tuned from -4.42 eV to -5.28 eV and the optical 
bandgaps were varied from 1.00 eV to 1.14 eV. The results indicated our approach could 
be applied to the design and preparation of conjugated polymers with specifically desired 
energy levels and bandgaps for photovoltaic applications. 
In the final work, amino acid-based poly(ester urea) (PEU) copolymers 
functionalized with pendant catechol groups that address the need for strongly adhesive yet 
degradable biomaterials have been developed. Lap-shear tests with aluminum adherends 
demonstrated that these polymers have lap-shear adhesion strengths of near 1 MPa. An 
increase in lap-shear adhesive strength to 2.4 MPa was achieved upon the addition of an 
oxidative cross-linker. The adhesive strength on porcine skin adherends was comparable 
with commercial fibrin glue. Interfacial energies of the polymeric materials were 
investigated via contact angle measurements and Johnson-Kendall-Roberts (JKR) 
technique. The JKR work of adhesion was consistent with contact angle measurements. 
The chemical and physical properties of PEUs can be controlled using different diols and 
amino acids, making the polymers good candidates for the development of biological glues 
for use in clinical applications. 
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CHAPTER I 
INTRODUCTION 
Synthesis of functional materials has been an important topic in materials chemistry. 
In the following chapters, we will focus on two different types of materials: semiconductor 
nanocrystals and mussel inspired adhesive materials. 
 
1.1 Semiconductor nanocrystals 
Semiconductor nanocrystals, also called quantum dots (QDs), are nanometer-sized 
crystals of inorganic semiconductors (Figure 1.1).1 A quantum dot has the same atom 
arrangement as that of corresponding bulk material, but has more surface atoms due to 
three-dimensional truncation.1 A 2 nm sized quantum dot contains about 200 atoms, while 
an 8 nm sized quantum dot has around 10,000 atoms. 
 
1.1.1 Introduction to semiconductor nanocrystals 
These nanocrystals are named as “quantum dots” because their optical properties 
are dictated by quantum mechanics. Upon absorption of photon, an electron is excited to 
the conduction band, leaving behind a region with positive charge in the valance band, 
which is called the “hole”.1 In a bulk material, the electron/hole pair can move around and 
are kept together by Coulombic attraction forces. The average distance between electron
2 
and hole is defined as the Bohr radius.1 Different materials have different Bohr radii, for 
example, in bulk CdSe semiconductor, the Bohr radius is ~56 Å.1 When CdSe nanocrystals 
are smaller than 56 Å, the electron and hole are squeezed, and there is a quantum 
mechanical confinement. This quantum confinement causes energy states to shift to higher 
energy levels.  
 
Figure 1.1. Putative structure of CdSe nanocrystals.1 Figure reproduced with permission 
from Ref. (1) (Copyright © 2011 Elsevier). 
 
A nanocrystal with smaller size possesses higher energy levels compared to larger 
nanocrystals, which means smaller CdSe nanocrystals absorb and emit blue light while 
larger nanocrystals absorb and emit red light.1 The optical properties of semiconductor 
nanocrystals change as a function of size: as size is reduced, the electronic excitations shift 
to higher energy.2 Figure 1.2 shows schematically for these optical transitions for a 
dimensional series of CdSe QDs.3 Quantum confinement starts when the dimension of 
crystal is below the exciton Bohr radius. The electron and hole are forced closer to each 
other when the exciton is confined in a nanocrystal with small dimensions. This increases 
the exciton binding energy. The exciton binding energy is directly correlated with the 
photoluminescence (PL) emission wavelength of a QD. For CdSe, as the nanocrystal size  
3 
 
Figure 1.2. (A) Cartoon and TEM image of a CdSe/ZnS QD. (B) With increasing size of 
CdSe/ZnS, PL spectra show progressive color changes. (C) QD energy levels change 
qualitatively with increasing nanocrystal size.3 Figures reproduced with permission from 
Ref. (3) (Copyright © 2011 American Chemical Society). 
 
decreases from ~7 to 2 nm, the corresponding energy gap changes from 1.9 to 2.8 eV and 
PL wavelength is tuned from 650 to 450 nm.3 
Quantum dots can be prepared from different types of semiconductor materials, 
including II-VI: CdS, CdSe, CdTe…; III-V: InP, InAs… and IV-VI: PbS, PbSe… They are 
4 
characterized by different bulk band gap energies. Figure 1.3 shows the dependence of peak 
emission wavelength on diameter for different types of QDs. When the size increases from 
2 to 9.5 nm, the emission wavelength changes from 400 to 1350 nm (not including organic 
passivation/solubilization layer). The full width at half maximum (FWHM) of emission 
spectra is typically around 30 to 50 nm.4 
 
 
Figure 1.3. Relationship between emission maxima and sizes of quantum dots of different 
composition. Inset: representative emission spectra for some of those materials.4 Figure 
reproduced with permission from Ref. (4) (Copyright © 2005 AAAS). 
 
1.1.2 Synthesis of semiconductor nanocrystals 
Studies by La Mer and Dingar indicate that it requires a temporally discrete 
nucleation event followed by the slower growth of existing nuclei to produce monodisperse 
5 
colloidal nanocrystals.5 Upon the addition of reagents to the reaction vessel, the precursor 
concentration is raised above the nucleation threshold and a nucleation burst will happen 
to relieve the supersaturation (Figure 1.4).6 No new nuclei will form when the rate of 
precursor addition to solution doesn’t exceed consumption of precursors by the growth of 
nanocrystals.6 The nanocrystals can become more uniform during the growth if their 
growth during nucleation period is small compared with the subsequent growth. This 
phenomenon is referred to as focusing of size distribution.6 
 
 
Figure 1.4. (A) Cartoon depicting the stages of nucleation and growth for the preparation 
of monodisperse nanocrystals in the framework of La Mer model. (B) Representation of 
synthetic apparatus employed in the preparation of monodisperse nanocrystals.6 Figures 
reproduced with permission from Ref. (6) (Copyright © 2000 Annual Reviews). 
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Although other methods had been developed to prepare nanocrystals, it was not 
until 1993 that the synthesis and study of semiconductor nanocrystals developed quickly, 
when Murray and Bawendi proposed a synthetic strategy to make large quantities (at that 
time) of monodisperse nanocrystals.7 Figure 1.4B shows the typical apparatus for the 
synthesis of nanocrystals.6 In this method, high quality CdE (E = S, Se, Te) semiconductor 
nanocrystals were prepared by injecting Cd and E (E = S, Se, Te) precursors into a hot 
coordinating solvent.7 The nanocrystals formed based on pyrolysis of organometallic 
reagents. Small nuclei formed upon injection of precursors, this was followed by a 
temperature drop which allowed the nuclei to grow. The reaction was stopped when the 
desired size of the nanocrystals was reached. Using this method, nanocrystals with 
diameters from ~ 1.2 nm to ~11.5 nm can be prepared in a single reaction and they have 
consistent crystal structure, surface derivatization and a high degree of monodispersity.7 
This method lead to the synthesis of semiconductor nanocrystals using organometallic 
approaches in coordinating solvents.8-13 Among all the nanocrystals, CdSe is the most 
successful system studied with this approach. This organometallic approach typically 
involves the following reaction conditions:14 
a) A coordinating solvent system containing trioctylphosphine (TOP) and 
trioctylphosphine oxide (TOPO, typically technical grade). 
b) Precursors of Cd and Se: Cd(CH3)2 and Se-TOP or Se-TBP (tributylphosphine) by 
dissolving elemental Se in TOP or TBP. 
c) Inert gas environment (usually Ar) and reaction temperatures (150 – 350 °C). 
Typical synthetic procedures with this approach can be described in the following 
methods: TOPO (4.0 g) was first heated to 360 °C under an Ar flow. With rapid stirring, a 
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cold Se: Cd(CH3)2:TBP stock solution (2.4 mL of Se: Cd(CH3)2:TBP = 2 : 5 : 100 by mass, 
prepared in a glovebox) was quickly injected into the hot TOPO solution (< 0.1 s).14 Upon 
the injection, the temperature was lowered to around 300 °C. Aliquots of the reaction 
solution were taken and dissolved in toluene to monitor the reaction using UV-visible 
spectrophotometry.14 After the desired size of nanocystals was reached, the reaction was 
stopped and cooled to room temperature by removing heating mantle.14 The nanocrystals 
were precipitated from solution by the addition of methanol. A dry powder of CdSe 
nanocrystals were obtained after centrifugation, decanting and drying under an Ar flow. 
These TOPO-coated nanocrystals were readily soluble in non-polar solvents: hexane, 
toluene, CHCl3, etc.  
This method has been well developed and described for the synthesis of CdSe 
nanocrystals as it has good control over size, shape and size/shape distribution.7,15 However, 
an extremely dangerous organometallic compound, Cd(CH3)2, is used. Cd(CH3)2 and some 
other raw materials are extremely toxic, expensive, unstable, explosive, and/or pyrophoric, 
which influences the control and reproducibility of this system.16 Alternative resources of 
Cd precursor are desired. Peng et al. discovered that with the existence of strong ligand, 
either hexylphosphonic acid (HPA) or tetradecylphosphonic acid (TDPA) in technical 
grade TOPO, Cd(CH3)2 is converted to cadmium HPA/TDPA (Cd-HPA/Cd-TDPA) 
complex under high temperature.17 They proposed to use less toxic CdO as the cadmium 
source and adding HPA/TDPA to the system for the synthesis of nanocrystals.17 They 
demonstrated that by using CdO as cadmium precursor, high quality CdTe, CdSe and CdS 
dots were developed reproducibly using a “one-pot” synthesis.17,18 Figure 1.5 shows the 
UV-vis spectra of CdTe, CdSe and CdS which demonstrate their optically-defined temporal 
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evolution of size and size distribution.17 Other sources of cadmium precursors, including 
Cd(Ac)2 and CdCO3, were also investigated for the synthesis of high quality 
nanocrystals.16,19 
 
 
Figure 1.5. UV-visible spectra of CdTe, CdSe and CdS, showing their optically-defined 
temporal evolution of size and size distribution.17 Figures reproduced with permission from 
Ref. (17) (Copyright © 2001 American Chemical Society). 
 
The growth kinetics and size/shape control of CdSe nanocrystals has been 
extensively investigated.9-12,14,20-26 To control the size of nanocrystals, the reaction 
conditions should be systematically adjusted: reaction time, temperature, and chemical 
composition and concentration of reagents and surfactants.20 Generally, the nanocrystal 
size increases with increasing reaction time and increasing reaction temperature, as more 
material is added to the nanocrystal surface as reaction time increase. In addition, the rate 
of materials added to the existing nanocrystal surface increases as reaction temperature 
increases.20 A distinct second stage of growth is observed in many systems, which is 
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referred to as Ostwald ripening.20 In this process, small nanocrystals with high surface 
energy are dissolved. The material is redeposited onto the surface of larger nanocrystals.20 
The overall result is an increase in the average size of nanocrystals while the total number 
of nanocrystals decreases. A higher temperature of the reaction solution will enhance the 
Ostwald ripening phenomena and result in larger average nanocrystal sizes. Nanocrystal 
size can also be controlled by changing the stoichiometric ratio of reagents to surfactants: 
a high stabilizer-to-reagent concentration generates higher numbers of small nuclei at the 
initial stage and thus smaller nanocrystal size.20 The surface of the nanocrystal is capped 
with a dynamic organic ligand shell that stabilizes nanocrystals and makes them soluble. 
These ligands reversibly bind and dissociate from the surface of the nanocrystals and 
mediate their growth.20 Strong binding ligands or large molecules with higher steric 
hindrance decrease the rate of materials adding to nanocrystal surface, and hence smaller 
nanocrystals are obtained.20 The size of nanocrystals may also be tailored by addition of 
the stock solution of precursors into the solution of growing nanocrystals.9 The nano-  
 
 
Figure 1.6. (A) Rice-shaped, (B) rod-shaped and (C) tetrapod-shaped CdSe nanocrystals.21 
Figures reproduced with permission from Ref. (21) (Copyright © 2002 American Chemical 
Society). 
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crystals continue to grow when the addition of new stock solution does not exceed the rate 
of material adding to surface of nanocrystals, since no new nuclei form under this 
condition.9 
Different shapes of nanocrystals have been synthesized and the mechanisms have 
been investigated. Anisotropic CdSe nanocrystals with rod-, arrow, teardrop- and tetrapod-
shape have been synthesized.10-12,14,21,22 Figure 1.6 shows CdSe nanocrystals with different 
shapes. Peng and coworkers21,22 observed the formation of “magic” sized nanoclusters for 
the system in a broad monomer concentration range. It possessed a sharp absorption peak 
at 349 nm. They found that size, shape and size/shape distribution of nanocrystals were all 
determined by two factors. The first is the “magic” sized nuclei and the second factor is 
the concentration of the monomers after nucleation. “Magic” sized nanoclusters form in 
the nucleation stage and play a key role in the determination of the size/shape evolution of  
 
 
Figure 1.7. Shape evolution of “magic” sized nuclei under different monomer 
concentrations.22 Figure reproduced with permission from Ref. (22) (Copyright © 2003 
John Wiley and Sons). 
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nanocrystals in the following events. They promote the growth of anisotropic nanocrystals 
that have a nearly monodisperse lateral dimension, while the aspect ratios could have 
different distributions. The remaining monomer concentration in the growth solution is also 
critical for shape evolution. Tetrapods are yielded when monomer concentration is 
extremely high. The solution can provide enough monomer for the seeds to grow arms on 
the four (111) facets of the zinc blende structure. Rod-shaped nanocrystals are generated 
when moderate high monomer concentration is present. The growth only happens for one 
single arm. Median monomer concentration results in rice-shaped nanocrystals since the 
concentration can only support the growth of seeds in 3D growth stage. When the monomer 
concentration is low, the chemical potential is low which is not compatible with elongated 
nanocrystals. As a result, only dot-shaped nanocrystals can be generated. Figure 1.7 shows 
the shape evolution of magic sized nuclei under different monomer concentrations. 
In addition to CdSe nanocrystals, other compositional analogs of nanocrystals 
possessing characteristics of quantum confinement have also been studied, including 
CdTe7,16-18,27, CdS7,16-18,28, InAs9, PbS29,30 and PbSe31-34. Among these nanocrystals, PbS 
and PbSe are of particular interest because they can have absorption wavelengths that 
extend to the near-infrared spectral region and possess strong quantum confinement.32 
Figure 1.8 shows a near-infrared absorption spectra of PbSe semiconductor nanocrystals. 
Although most studies on the synthesis of semiconductor nanocrystals adopt coordinating 
solvent in the system, researchers have shown the synthesis of high quality nanocrystals in 
non-coordinating solvents.28,34 
The optical properties of semiconductor nanocrystals are important. There are four 
fundamental parameters: emission color, color purity, brightness and stability of the 
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emission.15 The brightness of semiconductor nanocrystals is characterized with quantum 
yield (QY), which is the ratio of photons emitted through fluorescence to photons absorbed. 
Since there is a growing demand for highly luminescent (high QY) semiconductor 
nanocrystal for applications in light-emitting devices and tagging, new synthetic methods 
are developed to prepare high quality nanocrystals with high QY.13 The as prepared CdSe 
nanocrystals using TOPO-TOP route typically have QY in the range of 5-15%,13 and this 
QY is also highly dependent on the growth conditions.15 Using HDA-TOPO-TOP (HDA, 
hexadecylamine) as a solvent system and overcoating the nanocrystals with higher band 
 
 
Figure 1.8. Near-infrared absorption spectra of PbSe semiconductor nanocrystals with first 
absorption peak wavelengths ranging from 1200 nm to 2300 nm.34 Figure reproduced with 
permission from Ref. (34) (Copyright © 2004 American Chemical Society). 
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gap inorganic materials could effectively increase the photoluminescence QY.8,13 Alkyl 
amine and inorganic shells can effectively passivate surface nonradiative recombination 
sites of the nanocrystals.8,13,35 Inorganic shell passivated nanoparticles are more robust than 
organic coated nanocrystals and they also have more tolerance to processing conditions.8 
Exceptionally monodisperse CdSe/ZnS core-shell structured nanocrystals with QY up to 
50-60% have been synthesized.13 The QY was further increased to as high as 75% by 
preparing CdSe/CdS/ZnS core-shell-shell structured nanorods.36 These double shell 
nanorods were found to be brighter in cell imaging compared to CdSe/CdS nanorods and 
to CdSe/ZnS quantum dots, making them excellent candidates for fluorescent biological 
labeling applications.36 Semiconductor nanocrystals are typically synthesized in small 
scale batches which limits their widespread application. Recently, gram scale synthesis of 
high quality CdSe/ZnS core-shell quantum dots have been developed.37 
 
1.1.3 Surface modification of semiconductor nanocrystals 
Fluorescence-based techniques are very important in biological applications as they 
are reliable, sensitive and in general have rapid response characteristics. Fluorescent 
nanocrystals have been widely used in cellular targeting and imaging both in vivo and in 
vitro.38 QDs are competitive alternatives to those traditional organic fluorophores in these 
applications due to their exceptional optical properties which possess certain advantages in 
biotechnology, including multiplexed measurements, long-term imaging and single 
molecule imaging.38 Different from conventional fluorophores, QDs have broad absorption 
spectra, symmetric, narrow and wavelength-tunable emission spectra, high resistance to 
chemical and physical degradation, long fluorescence lifetimes, high quantum yields and 
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high extinction coefficient.4,38 Because of these unique properties, QDs have been widely 
used in the fields of biological imaging, sensing and photovoltaics. High quality 
semiconductor nanocrystals with narrow size distribution and high quantum yield have 
been reproducibly synthesized using organometallic approaches in 
coordinating/noncoordinating solutions. The as synthesized QDs are typically coated with 
hydrophobic organic molecules (TOPO, TOP, alkylamines and phosphonic acids) and do 
not disperse in polar solvents and aqueous media. Besides, nanocrystals do not have 
functional groups on the surface for post-synthetic modifications with biomolecules. It is 
very important to make QDs water-soluble and modify their surface for biological 
applications. The surface coating property of QDs is critical for their application in 
biological environment. An ideal QDs surface coating requires (1) high-affinity for the 
QDs surface, (2) colloidal stability in a broad range of pH and ionic strength, (3) functional 
groups for bioconjugation, (4) minimal influence on the hydrodynamic size, (5) reduced 
nonspecific binding to surfaces and biologics.3 
Researchers are searching for optimized methods to modify QDs surface chemistry. 
Over the past few years, there have been several strategies developed to transfer QDs to 
aqueous solution,4,38-41 including ligand exchange, encapsulation with amphiphilic 
copolymers and silica coating. 
 
1.1.3.1 Ligand exchange 
By replacing native organic molecules with hydrophilic molecules that have higher 
affinity to QDs surface, ligand exchange renders QDs water solubility and surface 
functionalities. Nie and coworkers42 explored one of the first protocols of ligand exchange. 
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They used mercaptoacetic acid as a ligand to make CdSe/ZnS QDs water soluble and the 
modified QDs were utilized for ultrasensitive biological detection. Since then, many other 
molecules have been studied for changing surface chemistry of QDs, including thiol-
containing molecules, oligomeric phosphines, dendrons and peptides.4 Figure 1.9(A) 
shows several examples of the ligands. A typical experimental procedure of ligand 
exchange using mercaptopropionic acid (MPA) follows40: to 1 mL QDs solution (1 µM, in 
chloroform) was added 300 µL MPA, the mixture was stirred vigorously overnight at room 
temperature. After centrifugation, the QDs were isolated, and the pellet obtained was 
washed twice with chloroform to remove excess native organic ligands. To finalize the  
 
 
Figure 1.9. Chemical structure of compounds used for ligand exchange (A) and 
encapsulation (B).4 Figures reproduced with permission from Ref. (4) (Copyright © 2005 
AAAS). 
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ligand exchange, the QDs were then resuspended in a MPA solution for 24 h. The QDs 
were then centrifuged, dialyzed and stored at 4 °C in the dark. 
Although the monodentate ligands can render QDs water soluble and compatible 
with additional biological manipulations, many of the reported systems have some 
limitations: sensitive to pH, nonspecific and weak interaction with QDs surface and short-
term stability.43 Mattoussi’s group43-46 have developed surface modification method of QDs 
using bidentate ligands composed of dihydrolipoic acid (DHLA). DHLA based ligands can 
interact with QDs surface in a more stable manner due to the bidentate chelate effect 
provided by the dithiol group. 
DHLA coated QDs are easily dispersed in basic buffer solutions and can be stable 
over a year or longer, however, they tend to slowly aggregate under acidic conditions and 
may have non-specific binding to positively charged proteins. To overcome these 
limitations, this bidentate molecule was modified to have various functional groups.  
 
 
Figure 1.10. Molecular design of DHLA-based ligand with different functional end 
groups.45 Figure reproduced with permission from Ref. (45) (Copyright © 2007 American 
Chemical Society). 
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Susumu et al.45 designed and synthesized a series of DHLA-PEG ligands with different 
functional end group (biotin, amino, hydroxyl and carboxyl groups), as shown in Figure 
1.10. All of the ligands have a bidentate terminal group for strong binding to QD surface, 
a middle PEG segment to render hydrophilicity, and a functional group at the other end 
which can be used for bioconjugation. Water-soluble QDs were obtained with these ligands, 
and they were stable over extended period of time and a broad pH range. Palui et al.47 
demonstrated in situ ligand exchange on CdSe QDs with DHLA-based ligands promoted 
by UV-irradiation (λ < 400 nm). The method does not need to reduce the dithiolane groups 
of ligands with highly reactive chemicals and maintains optical and spectroscopic 
properties of QDs. Besides DHLA and ligands based on modified DHLA, other bidentate 
thiols such as thiol-modified β-cyclodextrin48 and dithiothreitol (DTT)49 have also been 
used for ligand exchange of quantum dots. 
 
1.1.3.2 Encapsulation 
Ligand exchange has been a successful practice in modifying QD surface chemistry, 
however, replacing the native ligands of surface might result in some surface defects and 
decreases quantum yield.50 Thus without exchanging the original hydrophobic surfactant 
layer, amphiphilic molecules have been explored to modify QD surface. The hydrophobic 
portion can intercalate the hydrophobic surfactant layer and the water solubility is achieved 
through the hydrophilic groups. Pellegrino et al.51 introduced the encapsulation method by 
using poly(maleic anhydride alt-1-tetradecene) as the amphiphilic molecule. The alkyl 
chains of polymer forms non-specific hydrophobic interactions with surface capping 
ligands of QD. The addition of bis(6-aminohexyl)amine forms cross-linking of the polymer 
18 
 
Figure 1.11. Encapsulation of QDs with amphiphilic copolymer. 51 Figure reproduced with 
permission from Ref. (51) (Copyright © 2004 American Chemical Society). 
 
around QD. After hydrolysis of the unreacted anhydride groups, the carboxylic groups 
make QDs water soluble. Figure 1.11 shows the procedure of encapsulation with 
amphiphilic polymer. 
A wide range of amphiphilic polymer have been developed to promote the transfer 
of QDs to aqueous media.52-55 Among all the strategies, amphilphlic copolymers stemmed 
19 
from poly(isobutylene-alt-maleic anhydride) are of high interest, since different functional 
groups can be introduced to QD surface by modifying the polymer before phase transfer. 
Based on an anhydride ring opening with nucleophilic agent, copolymers with various 
functional groups are designed and synthesized.55 Figure 1.12 shows the amphiphilic 
polymers with different functional groups. Although the encapsulation of QDs with 
amphiphilic polymers has enhanced colloidal stability in aqueous media,54 the increase of 
hydrodynamic size of the nanoparticle influences the biological properties. 
 
 
Figure 1.12. Amphiphilic polymers with various functional groups.55 Figure reproduced 
with permission from Ref. (55) (Copyright © 2011 Nature Publishing Group). 
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1.1.3.3 Silica coating 
A silica shell coating is another important method to produce water-soluble QDs. It 
forms a continuous protective surface layer.38 This layer provides protection to the surface 
of the QDs and can be modified to conjugate biomolecules using well developed silane 
coupling chemistry.38 Various methods have been studied, including microemulsion, sol-
gel process and micellization of siloxane surfactants.38,56 The seminal work by Alivisatos 
group showed that QDs could be water-soluble when coated with silica shells.39 Their 
procedure is outlined in Figure 1.13. TOPO-capped nanoparticles are dissolved in pure 
mercaptopropyltris(methyloxy)silane (MPS). After basification, MPS replaces the TOPO 
capping layer on the surface. A primary polymerization layer forms when the methoxy-  
 
 
Figure 1.13. Procedure of silica coating of QDs.39 Figure reproduced with permission from 
Ref. (39) (Copyright © 2001 American Chemical Society). 
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silane groups (Si-OCH3) hydrolyze into silanol groups (Si-OH). Heating can strengthen the 
silanol-silanol bridges by converting them into siloxane bonds. When modified silanes with 
various functional groups are used, the surface of QD can have different functionalities 
after silica coating.39,57 The silica protection layer also enhances the resistance to 
photobleaching and decreases the toxicity of surrounding environment.57 
 
1.1.4 Application of QDs in photovoltaics 
Semiconductor nanocrystals have size-dependent optical and electrical properties. 
Querner et al.58 studied size and ligand effects on the electrochemical and 
spectroelectrochemical responses of CdSe nanocrystals. They found that the energy levels 
and bandgaps were dependent on size and surface ligands of nanocrystals. Different 
methods have been used to determine the band structure of semiconductor nanocrystals.59-
62 Jasieniak et al.60 investigated the size dependent valence and conduction band energies 
of CdSe, CdTe, PbS, and PbSe QDs. The method they used is photoelectron spectroscopy 
in air (PESA). They also compared the results with others and with theoretical calculations. 
The energy levels and bandgaps of these QDs are summarized in Figure 1.14. It clearly 
shows that different energy levels and bandgaps can be achieved by carefully selecting 
different types of QDs with different sizes. For anisotropic nancrystals, their shape can 
affect bandgaps. Alivisatos group63 studied bandgaps of rod shaped CdSe nanocrystals with 
diameter varying from 3.0 to 6.5 nm and length from 7.5 to 40 nm. Their results (Figure 
1.15) indicate that the bandgap is highly dependent on the width of nanocrystal, but the 
length can also result in variations of bandgaps. 
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The inherent properties of semiconductor nanocrystals, such as size-dependent 
electronic structure, charging energy, tunable emission color, narrow emission band and 
high stability, make them good candidates for photovoltaic applications.64 In addition, since 
 
 
Figure 1.14. The valence and conduction band-edge energies of (A) CdSe, (B) CdTe, (C) 
PbS, and (D) PbSe quantum dots as a function of particle diameter (nm) and first absorption 
energy (eV). Ecb: conduction band-edge energy, Evb: valance band-edge energy.
60 Figures 
reproduced with permission from Ref. (60) (Copyright © 2011 American Chemical 
Society). 
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Figure 1.15. Bandgap of CdSe quantum rods vs length and width.63 Figure reproduced with 
permission from Ref. (63) (Copyright © 2001 American Chemical Society). 
 
colloidal nanocrystals can be used to fabricate devices by solution based techniques, such 
as spin-coating, dip-coating and inkjet printing, they have potential to be used for large 
area applications.64 Semiconductor nanocrystals have been studied in light-emitting 
devices (LEDs), solar cells, photodetectors, etc. 
Colloidal nanocrystals have been adopted as the emitter for thin film LEDs.65,66 
Figure 1.16 shows the typical structure of a thin film LED using semiconductor 
nanocrystals. A thin layer of light-emitting nanocrystals is sandwiched between the 
electron transport layer (ETL) and hole transport layer (HTL).64 These two layers can inject 
carriers into the nanocrystals. When compared with other LEDs, QDs based LEDs have 
unique properties including high color purity (i.e., narrow emission band) and the emission 
color can be tuned from UV to near-IR by simply changing the nanocrystal size.64,66 
Although the performance of QDs based LEDs has been improved during the past decade, 
in order to compete with organic LEDs, their brightness and lifetime still need to be 
24 
considerably improved.64,65,67 The improvement has to be associated with high stability of 
colloidal nanocrystals, better understanding of the nanocystal-organics interfaces, 
controlling chemical and physical properties of the materials, carrier injection from organic 
layers to nanocystals and optimization of energy transfer.64 
 
 
Figure 1.16. Typical structure of a thin film LED utilizing semiconductor nanocrystals.64 
Figure reproduced with permission from Ref. (64) (Copyright © 2010 American Chemical 
Society). 
 
Another application of semiconductor nanocrystals is for the fabrication of 
photodetectors. A variety of sensitive photon detection techniques are available for the 
operation in visible range, such as charge-coupled device (CCD) cameras, single crystal 
silicon detectors and photomultiplier tubes.64 However, when the wavelength is extended 
to infrared region, the silicon based photodetectors are not applicable anymore, because 
silicon cannot operate beyond 1.1 µm. While there are some other detectors that can detect 
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infrared light, they have weaknesses of higher noise level and are expensive. The 
developing market in this area requires high quality near-IR and mid-IR detectors that can 
be used for bioimaging, spectroscopy, environmental sensing, telecommunication and 
night-vision system.64,68 Semiconductor nanocrystals made of narrow bandgap 
semiconductors, such as PbS, PbSe, PbTe, HgTe, InAs and InSb, are promising candidates 
for the photodetecors that can operate in near-IR and mid-IR region with high quality.64 
These materials have unique properties: size-tunable electronic structure, flexible surface 
chemistry and possibility to fabricate device using solution-based techniques.64 The 
bandgap of the semiconductor nanocrystals can be tuned from visible spectral region to 
wavelengths of 3500 nm.64 
Semiconductor nanocrystals have also been incorporated into solar cells.69-79 There 
are three major types of solar cells that utilize semiconductor nanocrystals as light 
harvesters: (i) metal-semiconductor or Schottky junction photovoltaic cell, (ii) 
semiconductor nanocrystal-polymer solar cell, and (iii) semiconductor sensitized quantum 
dot solar cell (Figure 1.17).69 Among these, solar cells using blends of semiconductor 
nanocrystals and polymers are of great interest and have been extensively studied. 
Alivisatos and co-workers80 mixed CdSe or CdS with conjugated polymer poly(2-
methoxy,5-(2’-ethyl)-hexyloxy-p-phenylenevinylene (MEH-PP) and studied charge 
separation and transport of the composite materials. They found that the polymer 
photoluminescence was quenched when surface ligands of the nanocrystals were removed. 
This result was consistent with rapid charge separation at the polymer/nanocrystal interface. 
Transmission electron microscopy studies showed phase segregation with length scales in 
the range of 10-200 nm, which provided a large area of interface to facilitate charge 
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separation. This improved charge separation resulted in significantly improved quantum 
efficiencies. They found that quantum efficiencies up to 12% can be achieved when 
nanocrystals with high concentration was present, since both nanocrystals and polymer can 
form continuous pathways. The device showed an energy conversion efficiency of 0.2% 
under AM 1.5 conditions (a typical solar spectrum). The same group81 investigated CdSe 
nanorod as active materials in solar cell. The native TOPO ligands on rod were replaced 
with pyridine and the rods were used in conjunction with poly(3-hexylthiophene) (P3HT). 
An order of magnitude increase in power conversion efficiency was observed compared to 
previous nanocrystal/polymer heterojunction photovoltaic devices. This is partially 
attributed to improved transport in the densely aggregated nanorods. 
 
 
Figure 1.17. Three strategies for the development of semiconductor based solar cells: (A) 
metal-semiconductor junction, (B) polymer-semiconductor, and (C) semiconductor-
semiconductor system.69 Figures reproduced with permission from Ref. (69) (Copyright © 
2008 American Chemical Society). 
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The nanocrystal materials need to be optimized to meet the requirements for ideal 
devices. They need to enable high-performance devices, be highly tunable, be conveniently 
integrable, be physically flexible and be manufacturable at low cost per device area.68 The 
charge separation and charge transport are determined by phase separation which is highly 
depended on the nanocrystal size/shape, capping ligands, solution conditions and thermal 
annealing.82-89 Olson and coworkers90 studied photovoltaic devices made from blends of 
CdSe QDs and P3HT. QDs with different capping ligands were studied and compared. 
They found that capping ligand determined morphology/phase separation. By optimizing 
annealing conditions, devices with an efficiency of 1.8% under standard conditions were 
obtained by blending butylamine capped QDs with P3HT. The shape of nanocystals can 
substantially influence the performance of devices by dictating interfacial charge transfer 
processes in hybrid semiconductor nanocrystal/polymer solar cells.82 Dayal et al.91 studied 
charge separation and transport dynamic in CdSe nanocrystal:P3HT blends. Dot, rod and 
tetrapod-shaped nanocrystals were used and compared. The results indicated that device 
efficiencies were increased when P3HT was blended with nanorods and tetrapods. The 3D 
structure provides larger interfacial contact area and direct pathways for charge collection, 
which can influence charge separation and transport.82 
 
1.1.5 Application as fluorescent labeling agent  
Semiconductor nanocrystals have unique optical and electronic properties. They 
have size-tunable emission (from UV to infrared region), continuous absorption, high 
extinction coefficient, high luminescence, narrow and symmetric emission, and resistant to 
photo and chemical bleaching.4,92 In addition, the large surface area-to-volume ratio makes 
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these nanocrystals appealing for designing complex systems by surface modification.92 
These unique properties make semiconductor nanocrystals good candidates as biological 
fluorescent labels. In biology, fluorescence is a widely used tool.93 Measuring multiple 
biological indicators simultaneously requires new fluorescent probes in those experiments. 
Conventional dye molecules have special requirements for the optical system to perform 
the measurement. It is difficult to excite them simultaneously due to their narrow excitation 
spectrum; and spectral overlaps happen between different detection channels because of 
their broad emission spectrum.93 As a results, quantitation of relative amount of different 
probes is difficult. While for semiconductor nanocrystals, since they have broad, 
continuous excitation spectrum, many nanocrystals with different sizes can be excited with 
a single wavelength of light, making the detection of many emission colors simultaneously 
possible.93 In the seminal work by Alivisatos and coworkers93, they prepared different sized 
silica coated CdSe-CdS core-shell QDs and used them as fluorescent probes in biological 
staining and diagnostics. They demonstrated the advantages of the broad and continuous 
excitation spectrum in a dual-emission, single-excitation labeling experiment on mouse 
fibroblasts. 
Surface modification of semiconductor nanocrystals expanded their application as 
fluorescent biological labels. Chan et al.42 covalently coupled highly luminescent QDs 
(zinc sulfide-capped cadmium selenide) to biomolecules and used them in ultrasensitive 
biological detection (Figure 1.18A). They found that QDs which were labeled with protein 
transferrin underwent receptor-mediated endocytosis in cultured HeLa cells, and QDs 
labeled with immunomolecules could recognize specific antibodies or antigens. When 
compared with organic dyes such as rhodamine, QD was 20 times as bright, 100 times as 
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stable against photobleaching, and had one-third in spectral line width. Åkerman et al.92 
studied the feasibility of using QDs for in vivo targeting. They showed that ZnS-capped 
CdSe QDs coated with a lung-targeting peptide accumulated in the lungs of mice after i.v. 
injection, while at the same time, two other peptides specifically directed QDs to blood 
vessels or lymphatic vessels in tumors. They also showed that the addition of polyethylene 
glycols (PEG) to surface of QDs prevented nonselective accumulation of QDs in 
reticuloendothelial tissues. Their results encouraged the design of complex nanostructures 
which are capable of disease sensing and drug delivery. Figure 1.18B shows the structure 
of peptide and PEG coated QDs. 
 
 
Figure 1.18. (A) Schematic of a ZnS-capped CdSe QD that is covalently coupled to a 
protein by mercaptoacetic acid.42 (B) Schematic of ZnS-capped CdSe QD modified by 
peptide and PEG. PEG helps the QDs to maintain solubility in aqueous solvents and 
minimize nonspecific binding.92 Figures reproduced with permission from Ref. (42) 
(Copyright © 1998 AAAS) and Ref. (92) (Copyright © 2002 National Academy of 
Sciences, USA). 
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In addition to QDs, rod-shaped nanocrystals (quantum rods, QRs) have also been 
developed as fluorescent biological labels.36,94-98 QRs are brighter single molecule probes 
comparing to QDs.94 They are potentially better biological labels compared to QDs in 
situations where they have advantageous properties. Rod-shaped nanocrystals have been 
synthesized and modified, and they can be used as efficient labeling agents. For example, 
Quarta et al.97 functionalized biotin and folic acid to CdSe/ZnS core/shell and 
CdSe/CdS/ZnS double-shell QRs (Figure 1.19). They compared these QRs with traditional 
CdSe/ZnS QDs by an in vitro study on cultured cells and fixed tissue sections. QRs showed 
similar specificity toward targeting cells compared to QDs. Since QRs had enhanced 
 
 
Figure 1.19. Preparation of biotinylated and folic acid-conjugated nanocrystals. (A) The 
as-synthesized colloidal nanocrystals were (B) transferred into aqueous solution through 
polymer encapsulation. (C) Diamino-PEG functionalization acted as spacers and to modify 
functionality. (D) Folic acid and biotin were conjugated to amine groups of PEG via 
covalent bonding.97 Figures reproduced with permission from Ref. (97) (Copyright © 2009 
American Chemical Society). 
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photoluminescence, less amount of rods was required for cell imaging. In immune-
localization experiments, typical protein localization pattern for neuronal specific enolase 
(NSE) and actin on rat brain tissue sections were observed for the QRs, indicating QRs 
interacted specifically with avidin, and they were feasible as fluorescent probes in tissue 
staining. In regard to cytotoxicity, the results from MTT assay indicated that double shell 
nanorods were less toxic than CdSe/Zns QDs. 
For further applications of QDs, especially those cadmium-containing ones, their 
cytotoxicity needs to be systematically evaluated.3,99 Studies have suggested that, 
nanomaterials, in particular, QDs are not inherently benign and affect biological systems 
at subcellular, cellular and protein levels.100 Cytotoxicity could be reduced by coating the 
nanocystals with protective layers and changing the surface chemistry. Another route to 
avoid the usage of toxic element is to develop novel nanoparticles that are as effective as 
current QDs. Highly luminescent nanoparticles, such as carbon nanodots (C-dots), 
graphene quantum dots (GQDs) and nanometer-sized graphene pieces might be used as 
alternatives to QDs. These nanoparticles have high surface area and good surface grafting 
capacity, and they are also chemically inert. Preliminary studies have shown that they have 
minimal cytotoxicity to exposed cells.99 
 
1.1.6 Sensing applications 
Due to their unique properties, semiconductor nanocrystals have been studied for 
various sensing applications. QDs have been modified with proteins, nucleic acids and 
other biomolecules for the sensing of specific analytes.101 Sensors based on QDs have been 
constructed for the detection of antibody-antigen interaction, biotin-avidin biochemistry, 
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nucleotide hybridization, pH, temperature, ions, etc. Among those, fluorescence resonance 
energy transfer (FRET) based sensor have been extensively studied. QDs are excellent 
donor material for FRET due to their broad excitation and narrow emission bands.101 It is 
flexible to choose desired excitation wavelength in FRET studies because of the broad 
absorption spectra, and hence direct excitation of the acceptor molecules can be 
substantially reduced.102 QDs can also be excellent acceptors when they are paired with 
appropriate donors.3 
FRET is a process that involves non-radiative energy transfer from a photoexcited 
donor material to an acceptor material.101-105 After absorption of a higher energy photon, 
the donor is excited, and the energy is transferred to the acceptor through long range dipole-
dipole interactions. The acceptor is then in its excited state, and may relax to its ground 
state by emitting a lower energy photon (Figure 1.20A). This process requires a spectral 
overlap between donor emission and acceptor absorption. FRET efficiency is dictated by 
the overlap between donor emission and acceptor absorption spectra. The distance between 
donor unit and acceptor unit also influences the FRET process. The FRET efficiency, E, is 
defined as 
𝐸 =
𝑘𝐷−𝐴
𝑘𝐷−𝐴 + 𝜏𝐷
−1 =
𝑅0
6
𝑅0
6 + 𝑟6
 
where 𝑘𝐷−𝐴 is rate of energy transfer for an isolated single donor-acceptor (D-A) pair, r 
is the distance between donor and acceptor, 𝜏𝐷 is the excited-state life time of the donor, 
and R0 is the Förster distance. The dependence of FRET efficiency on donor-acceptor 
distance is plotted in Figure 1.20B. Where 50% efficiency is achieved is defined as Förster 
distance. Förster distance (R0) can be calculated with the following equation:
102,103 
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where 𝜿𝒑
𝟐 = 2/3 for randomly oriented dipoles, 𝑸𝑫 is the quantum yield of QDs, 𝑵𝑨 is 
Avogadro’s number, 𝒏𝑫is refractive index of medium. I is overlap integral, defined as 𝑰 =
∫ 𝑷𝑳𝑫−𝒄𝒐𝒓𝒓(𝝀) × 𝝀
𝟒 × 𝝐𝑨(𝝀)𝒅𝝀
∞
𝟎
, where 𝑷𝑳𝑫−𝒄𝒐𝒓𝒓  is a function of normalized donor 
emission spectrum, 𝝐𝑨 is extinction coefficient of the acceptor. 
 
 
Figure 1.20. (A) Scheme of FRET. After absorption of a photon by the donor, the energy is 
transferred resonantly to a vibronically excited state 𝐸𝐴
1,∗
 of the acceptor. The vibronic 
excess energy is quickly dissipated. Finally, fluorescence happens from the acceptor.105 (B) 
Relationship between FRET efficiency (E) and donor-acceptor distance (r).103 Figures 
reproduced with permission from Ref. (105) (Copyright © 2011 Elsevier) and Ref. (103) 
(Copyright © 2006 Springer Science+Business Media, LLC). 
 
1.1.6.1 pH sensors 
Various types of pH sensors have been developed based on QDs.3,101,106-115 
Tomasulo et al.106,107 designed organic ligands able to adsorb on the surface of CdSe/ZnS 
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core-shell QDs. The luminescence of QDs was switched in response to hydroxide anions. 
Those compounds incorporated a [1,3]oxazine ring in their molecular skeleton, which can 
react with hydroxide anion to generate 4-nitrophenylazophenolate chromophore. Energy 
transfers from QDs to the adsorbed chromophores. The chromophores were activated by 
chromogenic transformation. As a result, the luminescence of QDs decreases significantly 
when exposed to hydroxide anions. Luminescence intensity decreased by 35% when pH 
increased from 7.1 to 8.5. Jin and coworkers108 developed a quantum dot-based ratiometirc 
pH sensor by conjugating FITC (fluorescein isothiocyanate) onto CdSe/Zns QDs. The  
 
 
Figure 1.21. (A) Preparation of FITC-QD by the conjugation of FITC to GSH-QD (GSH: 
glutathione) in water. (B) Fluorescence spectra of FITC-QD in the pH range of 6 to 8 with 
an excitation wavelength of 460 nm. The blue dashed curve shows absorption of FITC-QD. 
The inset shows pH dependent fluorescence intensity of FITC-GSH and FITC-QD.108 
Figures reproduced with permission from Ref. (108) (Copyright © 2010 Royal Society of 
Chemistry). 
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fluorescence spectra of fluorescein and its derivatives are pH dependent due to multiple 
pH-dependent ionic equilibria. The fluorescence can only be emitted by fluorescein dianion 
and monoanion. In aqueous solution, when pH is above 9, the phenol and carboxylic groups 
of fluorescein are almost ionized. While pH changing to acidic conditions, phenol group 
of fluorescein dianion is protonated to generate fluorescein monoanion. As a result, the 
fluorescence intensity of fluorescein changes significantly when pH changes from 6 to 8. 
Figure 1.21A shows the preparation of FITC-QD and Figure 1.21B shows that the 
fluorescence of FITC-QD changes corresponding to pH variation. 
FRET based QDs pH sensors have also been developed.101,110,112,115 For example, 
Paek et al.115 designed an efficient colorimetric pH sensor based on responsive polymer, 
QDs and graphene oxide (GO). Blue and orange color-emitting QDs (BQDs and OQDs) 
were used. The photoluminescence emissions were controlled by different pH-responsive 
linkers of poly(acrylic acid) (PAA) (pKa = 4.5) and poly(2-vinylpyridine) (P2VP) (pKa =  
 
 
Figure 1.22. Structure of (A) P2VP-OQD and (B) PAA-BQD, (C) Illustration of the 
conformation and behavior of the sensor under different pH values, (D) Photoluminescence 
change of the QDs based nanohybrid under different pH values.115 Figures reproduced with 
permission from Ref. (115) (Copyright © 2014 American Chemical Society). 
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3.0) which are used to tune the FRET efficiencies from QDs to GO. The structure of P2VP-
OQD and PAA-BQD are shown in Figure 1.22A and Figure 1.22B, respectively. Figure 
1.22C illustrates the conformation and behavior of the sensor under different pH values. 
The photoluminescence change of BQDs and OQDs is used for the sensing of pH (Figure 
1.22D). 
 
1.1.6.2 Temperature sensors 
The construction of temperature sensors is another important application of 
semiconductor nanocrystals.116-125 For example, Vlaskin et al.118 developed colloidal 
manganese-doped semiconductor nanocrystals that have intrinsic high-temperature dual 
emission. For the same doped nanocrystals, they show two distinct interconnected emission 
bands under photoexcitation. In addition, the luminescence is highly temperature 
dependent. The ratio of the two luminescence intensities is independent of nonradiative 
effects. Changing the nanocrystal energy gap during growth can tune the temperature 
window where the dual emission is observed. FRET based temperature sensors were also 
studied. Albers et al.123 developed dual-emitting quantum dot/quantum rod-based 
nanothermometers with enhanced response and sensitivity in live cells. The temperature 
sensing was achieved through thermoresponsive dual emission, which is realized by a 
FRET process between CdSe-CdS QD-QRs as donor and cyanine dyes as acceptors. The 
dyes were conjugated to QD-QRs using an amphiphilic polymer coating, Figure 1.23A 
shows the synthesis and structure of the hybrid nanothermometer. The sensor achieved a 
2.4% change/°C ratiometric response over physiological temperatures in aqueous buffers 
and a precision of a least 0.2 °C. Figure 1.23B shows temperature dependent emission of 
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the nanothermometer. They also demonstrated that when the nanothermometers were 
delivered to live cells, an unexpected enhancement in temperature response and sensitivity 
was observed. 
 
 
Figure 1.23. (A) Synthesis and structure of dual-emitting hybrid nanothermometers. (B) 
Ratiometric emission changes dependent on temperature of the nanothermometers.123 
Figures reproduced with permission from Ref. (123) (Copyright © 2012 American 
Chemical Society). 
 
1.1.6.3 Other sensors based on semiconductor nanocrystals 
Semiconductor nanocrystals have also been used to prepare other types of sensors 
for the sensing of proteolysis126, oxygen127, DNA128, metal ions126,129,130 and so on3,131.  
 
1.2 Mussel inspired adhesives 
Over the past several decades, mussel adhesive proteins have been under intensive 
scientific research particularly due to the remarkable adhesion ability of some marine 
invertebrates.132 
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1.2.1 Introduction to mussel foot protein 
Mussels are capable of adhering to almost all kinds of surfaces, even for low-
fouling materials, such as Teflon. More importantly, they show strong adhesion ability 
under wet conditions, which is very intriguing for the adhesion society.132-134 Detailed 
studies on blue mussel (Mytilus edulis) have been carried out in order to understand the 
structure and adhesion of mussel adhesive proteins. 
A mussel is typically 4-5 cm long and has a byssus, which is a taut bundle of 50 to 
100 threads. The byssus is attached proximally at the foot base while distally to a hard 
foreign surface (Figure 1.24A). The threads have a length of 3-4 cm. They emerge from 
the ventral gap which is in the underside of the shell. The attachments extends in many 
different directions. An adhesive plaque is distally tipped to each thread with a diameter of 
1-2 mm and is attached to the underlying substrate.135 Investigation of byssus indicates that  
 
 
Figure 1.24. (A) About 4 cm long mussel (Mytilus galloprovincialis), suspended from 
numerous byssal treads tipped by adhesive plaques.135 (B) Schematic drawing of a byssal 
thread attached to a substrate.136 Figures reproduced with permission from Ref. (135) 
(Copyright © 2005 Taylor & Francis) and Ref. (136) (Copyright © 2007 National Academy 
of Sciences, USA). 
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they are essentially a leathery bundle of threads tipped with flattened plaques.136 From the 
byssus of Mytilus species, at least 12 proteins have been identified; eight of these proteins 
are found in adhesive plaque; and three of them are not limited to plaque. Collagens 
(preCol-D and preCol-NG) were also identified. They dominate the fibrous core of each 
byssal thread and extend into the plaque matrix. Mytilus foot protein-1 (mfp-1) has been 
found to be the major component of protective cuticle which covers all exposed part of the 
byssus including the plaques.136 Figure 1.24B shows a schematic drawing of a byssal thread 
attached to a substrate. 
Mussel foot proteins have been characterized.137 Although plaque proteins have 
variable masses, ranging from 5 kDa in mfp-3 to 240 kDa in preCol-D, they all have basic 
isoelectric points (pI) and contain a posttranslationally modified amino acid, 3,4-
dihydroxyphenyl-L-alanine (DOPA).
136 Different proteins locate at different parts of the 
byssal threads. Figure 1.25 is a schematic drawing to show the approximate distribution of 
known proteins in a byssal plaque of a mussel (Mytilus californianus).138 Table 1.1 
summarizes the DOPA-containing proteins in the adhesive plaques and thread of Mytilus 
species. The contact part between plaque and solid surface contains primarily mfp-3 and 
mfp-5. These two proteins have the lowest mass and highest DOPA content ranging from 
10-30 mol%. While for the protein of the outer coating, mfp-1, it has a mass of about 108 
kDa and up to 15 mol% DOPA.136 
Previous studies have shown that the existence of DOPA in mussel foot proteins 
has been critical for their unique adhesion properties, although the role of DOPA is not 
fully understood.139-141 DOPA participates in reactions leading to bulk solidification of the 
adhesive. It can also form strong covalent and noncovalent interactions with  
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Figure 1.25. Schematic drawing to illustrate the approximate distribution of know proteins 
in byssal plaque of Mytilus.138 Figure reproduced with permission from Ref. (138) 
(Copyright © 2013 American Chemical Society). 
 
Table 1.1. Comparison of the DOPA-containing proteins in the adhesive plaques and 
threads of Mytilus species.136 
Protein 
Mass, 
kDa 
pI 
DOPA, 
Mol% 
Location 
mfp-1 108 10-15 10-15 Cuticle 
mfp-2 45 9 5 Plaque 
mfp-3 5-7 8-10 10-20 Plaque 
mfp-4 90 10.5 2 Plaque 
mfp-5 9 9-10 30 Plaque 
mfp-6 11 10 2 Plaque 
preColD 240 9 <1 Thread, plaque 
preColNG 240 9 <1 Thread, plaque 
Results for mfp-6 are from M. californianus; all other are for M. edulis. 
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substrates.142,143 The strong adhesion could come from metal coordination, redox chemistry 
or a combination of reactions.136,144,145 Wilker et al.146-148 proposed a mechanism of 
adhesive generation involving iron-induced protein oxidation and cross-linking chemistry. 
Mussel adhesives can contain Fe and Zn levels 100 000 times that of open ocean waters, 
which suggests that metal-DOPA interaction may be present in the glue. From chemical 
and mechanical experiments, it was proposed that DOPA proteins are deposited onto 
surface and could be mixed with Fe3+. The Fe3+ ion and mussel proteins form into a tris-
Fe(DOPA-protein)3 configuration. A valence tautomerism may be taking place, and the 
Fe3+-catecholate form of DOPA has an equilibrium with the Fe2+-semiquinone form (Figure 
1.26). A radical species is generated when this semiquinone react with oxygen and this 
radical may persist or convert to other radicals. With the radical in presence, cohesive bulk 
cross-linking can form with radical-radical coupling. Similarly, adhesive interaction can 
happen with the formation of bond between a reactive radical and covalent bond on the 
surface. 
More than one mechanism may participate in the adhesive formation. As a 
catecholic anchor, DOPA can chemisorb to surfaces by using mechanisms such as metal 
bidentate coordination and hydrogen bonding.132,141 DOPA can be easily oxidized by 
chemical and enzymatic methods to form corresponding DOPA-quinone, which can act as 
a covalent cross-linking unit. Cross-links can also be formed by Michael-type additions or 
via direct free-radical aryl-aryl couplings.132 Other mechanisms were also proposed, 
including π-π stacking, conformational rearrangements from tautomerization mechanism 
and so on.132 
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Figure 1.26. Proposed mechanism of mussel adhesive formation. An Fe(DOPA)3 complex 
form with the presence of Fe3+. A semiquinone radical is generated after reduction of the 
iron and oxidation of a bound DOPA. Another radical species are formed when O2 reacts 
with semiquinone. Radical–radical coupling generates cross-links for cohesive bonding. 
Adhesive bonding may result when a radical reacts with the surface and form a covalent 
bond.147 Figure reproduced with permission from Ref. (147) (Copyright © 2010 Elsevier). 
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1.2.2 Synthetic materials inspired by mussel 
The good adhesion of catechol containing compounds has inspired great interest in 
developing synthetic materials incorporating catechol to enhance the adhesion.141 There 
are several aspects of mussel adhesion that support research on the mimicking materials: 
(i) the adhesion is versatile: mussel can adhere to virtually all types of surfaces; (2) mussel 
byssal adhesion occurs under ambient and wet conditions; (3) byssal adhesive structure 
indicates that it has the sense of modulus matching depending on the substrates.135 
Synthetic mimics are trying to incorporate catechol functions into polymers since it’s the 
functional groups presents in DOPA. Catechol functions are incorporated as main, side and 
end-chain groups by various synthetic pathways (Figure 1.27).149 Various types of synthetic 
polymers mimicking mussel foot proteins are designed and studied by researchers aiming 
to provide next generation of surgical adhesives, dental composites and orthopedic cements. 
 
 
Figure 1.27. Synthetic polymers bearing catechol building blocks.149 Figure reproduced 
with permission from Ref. (149) (Copyright © 2013 Elsevier). 
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1.2.2.1 Polypeptide type adhesives 
With the purification and sequencing of mussel adhesive proteins, researchers are 
trying to synthesize polypeptides that adopt the amino acid sequence of those adhesive 
proteins. Yamamoto150 synthesized marine adhesive polypeptide (Ala-Lys-Pro-Ser-Tyr-
Hyp-Hyp-Thr-Dopa-Lys)n (n ca. 10) by coupling reactions, followed by polycondensation. 
Bonding strength of this polypeptide and other synthetic peptides on metals were 
investigated under water. New synthetic systems were used by Deming et al.151 to prepare 
polypeptides in large quantities which requires no enzymes or other biological components. 
Copolypeptides that are water soluble and incorporating L-dihydroxyphenylalanine (DOPA) 
and L-lysine were prepared by ring-opening polymerization. α-amino acid N-
carboxyanhydride (NCA) monomers were used. Figure 1.28 shows the synthesis of 
adhesive copolypeptides using NCA monomers. Different copolymers were prepared to 
study the effect of functional group composition on adhesive and cross-linking behavior. 
Moisture-resistant adhesive bonds to a variety of substrates (e.g., aluminum, steel, glass 
and plastics) were formed by mixing aqueous solution of the copolymers and different 
oxidizing agents. Under optimized conditions, the copolypeptides showed adhesive 
strength even stronger than that of natural marine adhesive proteins. Wang et al.152 further 
studied the effects of composition, molecular weight, and curing agents on adhesive 
properties of this type of polypeptides. Swelling and degradation behavior were also 
investigated. In addition, the adhesive properties were evaluated in vitro using porcine skin 
and porcine bone as adherends. 
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Figure 1.28. Synthesis of adhesive copolypeptides using NCA monomers.151 Figure 
reproduced with permission from Ref. (151) (Copyright © 1998 American Chemical 
Society). 
 
1.2.2.2 PEG based adhesives 
Another type of adhesives inspired by mussel adhesive proteins is based on PEG. 
Adhesive precursor polymer derived from branded PEG was developed.153 The endgroups 
of PEG were modified with catechol. Adhesive hydrogel could form in less than 1 min 
from the catechol-modified PEG solution under oxidizing conditions (Figure 1.29). When 
implanted, the adhesive showed minimal acute or chronic inflammatory response in 
C57BL6 mice. In addition, an intact interface with supporting tissue was maintained for 
up to one year. The same group154 incorporated minimal elastase substrate peptide Ala-Als 
into the branched PEG macromonomer structure to form an enzyme-degradable mussel- 
inspired adhesive hydrogel. The approach expanded the functional range of this mussel- 
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Figure 1.29. (A) Chemical structure of PEG adhesive precursor. Photographs of precursor 
solution in phosphate-buffered saline before (B) and after (C) addition of aqueous sodium 
periodate solution.153 Figures reproduced with permission from Ref. (153) (Copyright © 
2010 Elsevier). 
 
inspired adhesive hydrogel platform. The material’s adhesive behavior was confirmed by 
lap shear adhesion test. 
Other PEG based adhesives with improved properties were developed.155-157 
Chitosan-PEG-tyramine hydrogel which can be formed in situ in the presence of 
horseradish peroxidase and hydrogen peroxide was investigated.158 The hydrogel was 
aimed to serve as efficient tissue adhesive. Mussel-inspired bioadhesives synthesized in 
one step was reported by incorporating citrate.159 The adhesive showed 2.5-8.0 folds 
stronger tissue adhesion strength compared to fibrin glue. It also had controlled 
degradability and elastomeric mechanical properties that were tissue-like. It was found that 
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this bioadhesive could facilitate wound healing and were completely degraded and 
absorbed showing no significant inflammatory response. 
 
1.2.2.3 Polyacrylates and polyacrylamides based adhesives 
Synthetic polymers based on polyacrylates and polyacrylamides have been 
prepared with catechol functional groups for adhesives.143,160-167 Since a large library of 
monomers are available and different polymerization techniques can be used, a variety of 
homopolymer and copolymers have been designed and prepared. Figure 1.30 shows some 
of the catechol functionalized polymers based on polyacrylates and polyacrylamides. 
Different functionalities were introduced to the polymer to improve adhesion property or 
for specified applications. Nishida et al.165 designed an acrylamide-type copolymer 
containing ortho-nitrobenzyl protected catechol groups. The copolymer was stable even 
under oxidative condition. The caged compound was deprotected under light irradiation 
and then an oxidative cross-linking reaction was triggered. The light-activated gelation of 
the polymer solution was demonstrated by using glass plates as adherends. To form cross-
linking without consuming the catechol groups, Chung et al.166 designed an adhesive 
polymer incorporated an acrylic acid N-hydroxysuccinimide ester (NHS), which can cross-
link with thiol terminated, 3-arm poly(ethylene glycol) cross-linking agents. Their results 
indicated that the NHS and thiol groups reacted within 30 s to form covalent bonds which 
enhanced the adhesion compared to those without cross-linking. Adhesive polymers based 
on polyacrylates and polyacrylamides can be tailored to have desired properties by 
selecting different monomer building units. 
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Figure 1.30. Examples of catechol functionalized polymers based on polyacrylates and 
polyacrylamides.160,162,164 
 
1.2.2.4 Polystyrene based adhesives 
Another type of synthetic adhesives inspired by mussel adhesive proteins is based 
on a polystyrene backbone. Wilker and coworkers168-173 developed the polystyrene 
backbone-based mussel adhesives mimics and investigated adhesion properties of these 
synthetic materials while varying their structures and application conditions. To mimic 
mussel adhesive proteins, catechol groups were placed as pendent functional groups along 
the polymer chain. Poly[(3,4-dihydroxystyrene)-co-styrene] was used as the simplest 
mimics (Figure 1.31). In this structure, protein backbone was represented by polystyrene, 
while DOPA was represented by 3,4-dihydroxystyrene. It was found that the polymer 
exhibited curing analogous to that of the proteins and enhanced adhesion was achieved 
upon cross-linking.168 Biomimetic copolymers incorporating both catechol groups and 
cationic charges were developed to explore the role of charge in adhesion.169 Ammonium 
groups were incorporated to give cationic charge, while at the same time lack amine 
reactivity. The results indicated significant dry and underwater bonding, implying a 
contribution role of positive charges in mussel adhesion. Polymer composition and 
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substrate influences on the adhesive bonding were studied with several polymer derivatives 
with different 3,4-hydroxystyrene content.170 Lap shear adhesion showed that there exists 
an optimal condition where cohesive and adhesive bonding balances each other. Under 
optimized conditions, the adhesion was comparable to that of commercial glues as well as 
adhesive proteins produced by live mussels. Molecular weight also influenced the adhesion 
bonding.172 Higher molecular weight mussel mimetic polymers generally resulted in higher 
adhesion without cross-linking. When cross-linker was added, a peak adhesion was 
observed for molecular weights of ~ 50,000-65,000 g/mol. More importantly, a blend of 
polymers with different molecular weights showed more strong adhesion compared to 
individual polymers with cross-linking. This furthered indicated a balance between 
adhesion and cohesion should be beneficial for high adhesion. They also examined 
systematically how cross-linking agents, cure times, cure temperatures, polymer 
concentrations and fillers influence the adhesion of this type of mussel mimetic polymer.173 
To achieve maximum adhesion, numerous factors influencing the adhesion need to 
be optimized: polymer composition, polymer molecular weight, cross-linker type, ratio of 
cross-linker to polymer, solvent system, concentrations, curing time, curing temperature, 
humidity, substrate type, surface preparation and fillers.168 
 
1.2.2.5 Other adhesives inspired by mussel 
Mussel inspired adhesives have also been developed by using biomolecules as 
scaffolds and based on degradable backbone structures. Water resistant chitosan based 
adhesive inspired by mussel adhesive proteins was developed by Yamada et al.174 The 
modified-chitosans were subject to shear adhesion tests with glass slides. The slides 
50 
 
Figure 1.31. Simplified mimic of mussel adhesive proteins using poly[(3,4-
dihydroxystyrene)-co-styrene].170 Figure reproduced with permission from Ref. (170) 
(Copyright © 2012 American Chemical Society). 
 
glued together were submerged in water for several hours before testing. 400 kPa adhesive 
shear strengths were achieved, while control chitosan showed no adhesive strength. Lee et 
al.175 developed a new class of thermo-sensitive and injectable tissue-adhesive hydrogel 
based on hyaluronic acid (HA)/Pluronic F127 composite. HA was conjugated with 
dopamine while Pluronic F127 was modified to have thiol end groups (Figure 1.32). The 
mixture of these two materials generated a lightly cross-linked gel based on Michael-type 
catechol-thiol addition reaction. The hydrogel could be injected in vivo in a sol state at 
room temperature with a syringe and could form a robust gel at body temperature. Excellent 
tissue-adhesion properties were observed for in situ formed hydrogels. The same group176 
showed that catechol-functionalized chitosan/Pluronic injectable hydrogels had strong 
adhesiveness to soft tissues and mucous layers and superior hemostatic properties were 
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Figure 1.32. Synthesis and chemical structure of (A) dopamine-modified HA and (B) thiol 
–end group functionalized Pluronic F127.175 Figures reproduced with permission from Ref. 
(175) (Copyright © 2010 Royal Society of Chemistry). 
 
demonstrated.  
Some other types of synthetic materials inspired by mussel adhesive have also been 
studied, such as negative-selling surgical adhesives based on catechol-modified 
amphiphilic poly(propylene oxide)-poly(ethylene oxide) block copolymers177, adhesives 
based on poly(ester amide)s178 and poly(amino ester)179, etc. 
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1.2.2.6 Adhesives for tissue applications 
Many of these synthetic materials are intended for the application as tissue 
adhesives, while for an ideal tissue adhesive, it should180: 
(i) be easy to prepare; 
(ii) be nontoxic and sterilizable; 
(iii) have certain characteristics to be easily and precisely applied to desired area; 
(iv) solidify rapidly under physiological conditions; 
(v) bond strongly to tissue for required period of time; 
(vi) demonstrate tissue healing and regeneration characteristics, and be able to 
control infection; 
(vii) maintain required mechanical properties for the application site; 
(viii) be degradable and absorbable within reasonable period of time with 
no/minimal toxicity; 
(ix) be affordable and cost-effective. 
Tissue adhesive material inspired by mussel adhesives should be designed to meet 
these requirements for them to be used clinically in the future. 
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CHAPTER II 
MATERIALS AND INSTRUMENTS 
2.1 Materials 
All reagents were used as received without further purification unless otherwise 
noted. Organic solvents were purchased from Sigma-Aldrich or Fisher Scientific as ACS 
grade and used as received without further purification unless otherwise noted. Anhydrous 
tetrahydrofuran (THF), N,N-dimethylformamide (DMF), dichloromethane (CH2Cl2), 
toluene, methanol and chlorobenzene were purchased from Sigma-Aldrich and used as 
received. Anhydrous chloroform (CHCl3) were prepared by distillation from ACS grade 
chloroform after overnight stirring with CaH2.   
Silica gel was purchased from Sorbent (Norcross, GA), with porosity 60 Å, size 
200-400 mesh, surface area 450-550 m2/g, bulk density 0.5 g/ml, and pH 6.0-7.0.  
CdO: Alfa Aesar, 99.998%, Puratronic® 
Tri-n-octylphosphine oxide (TOPO): Alfa Aesar, 98% 
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP): Alfa Aesar, 98% 
Selenium: Alfa Aesar, 99.99% trace metals basis 
n-Tetradecylphosphonic acid (TDPA): Strem Chemicals, 97% 
n-Octadecylphosphonic acid (ODPA): Strem Chemicals, 97%
n-Hexylphosphonic acid (HPA): Sigma-Aldrich, 95% 
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Trioctylphosphine (TOP): Sigma-Aldrich, technical grade, 90% 
Hexadecylamine (HDA): Sigma-Aldrich, technical grade, 90% 
Diethylzinc solution: Sigma-Aldrich, 1.0 M in heptane 
Hexamethyldisilathiane: Sigma-Aldrich, synthesis grade 
Sodium borohydride (NaBH4): Sigma-Aldrich, granular, 99.99% trace metals basis 
Tetramethylammonium hydroxide pentahydrate (TMAPH): Sigma-Aldrich, ≥97% 
(±)-α-Lipoic acid: Sigma-Aldrich, ≥97% 
Sephadex® G-25: Sigma-Aldrich, BioReagent, for molecular biology, DNA grade, 
Superfine 
N-isopropylacrylamide: Sigma-Aldrich, 97% 
Texas red® C2 maleimide: Molecular Probes 
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC): 
Oakwood Products 
L-leucine: Sigma-Aldrich, 98%. 
p-toluenesulfonic acid: Fisher Scientific, 99%. 
Triphosgene: Alfa Aesar, 98%. 
Triisopropylsilane (TIPS): Sigma-Aldrich, 99%. 
Trifluoroacetic acid (TFA): Sigma-Aldrich, 99%. 
Sodium carbonate (Na2CO3): Fisher Scientific, 99.5%. 
4-Dimethylaminopyridine (DMAP): Sigma-Aldrich, 99%. 
N, N’ -diisopropylcarbodiimide (DIC): Sigma-Aldrich, 98%. 
Sodium bicarbonate (NaHCO3): Sigma-Aldrich, 99.7-100.3% 
Triethylamine (TEA): Sigma-Aldrich, 99% 
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Potassium carbonate (K2CO3): Sigma-Aldrich, 99% 
Calcium hydride (CaH2): Sigma-Aldrich, 97% 
Tetrabutylammonium periodate (Bu4N(IO4)): Sigma-Aldrich, 97% 
1-Octadecene (1-ODE): Sigma-Aldrich, technical grade, 90% 
 
2.2 Instruments 
Nuclear Magnetic Resonance (NMR): NMR spectra were carried out in CDCl3 or 
DMSO-d6 and recorded at either 500 MHz or 300 MHz (1H NMR) and 125 MHz or 75 
MHz (13C NMR) as noted. 1H NMR spectra were internally referenced to the residual 
protonated solvent peak, and the 13C NMR were referenced to the central carbon peak of 
the solvent. In all spectra, chemical shifts are given in δ relative to the solvent and coupling 
constants are reported in hertz (Hz). 
Fourier Transform Infrared (FT-IR): FT-IR spectra were recorded on spectrometer 
from 600 to 4000 cm-1. Resolution was 4 cm-1 and scan numbers were 64. Data analysis 
was performed by Win-IP Pro Software. Sample films were prepared either by solvent 
casting or compression molding with KBr.  
Thin-layered Chromatographic Analyses (TLC): TLC of organic compounds were 
performed on flexible silica gel plates (Selecto Scientific, Silica Gel 60, F-254 with 
fluorescent indicator), the eluents were customized solvents.  
Size Exclusion Chromatography (SEC): SEC analysis were performed on Waters 
150-C Plus instrument equipped with three HR-Styragel columns and a double detector 
system. One is Wyatt Dawn EOS multi-angle laser light scattering (MALLS) detector, the 
other one is Waters Model 2424 differential refractometer concentration detector. THF was 
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used as eluent at a flow rate of 1.0 mL/min at 35 °C. The molecular mass was calculated 
from universal calibration based on polystyrene standards. Number-average molecular 
mass (Mn), weight-average molecular mass (Mw), and molecular mass distribution (ĐM) 
were determined. For conjugated polymers, measurements were performed on Waters 
GPCV 2000 at 150 °C using 1,2,4-trichlorobenzene as eluent (calibration was based on 
polyethylene standards) or TOSOH EcoSEC HLC-8320 GPC, with two TSK-GEL Super 
H 3000 columns and one TSK-GEL Super H 4000 column in series, using CHCl3 as the 
mobile phase (calibration was based on polystyrene standards). 
Cyclic voltammetry (CV): CV was performed on a BAS C3-Voltammetry Cell Stand 
with an Epsilon potentiostat at room temperature. A standard three electrode cell based on 
a glassy carbon working electrode, a Ag/AgCl reference electrode (calibrated vs. Fc/Fc+ 
which is taken as -4.8 eV below vacuum level) and a Pt wire counter electrode was purged 
with nitrogen and maintained under nitrogen atmosphere during all measurements. 
Tetrabutylammonium hexafluorophosphate (0.1 M) in anhydrous acetonitrile was used as 
the supporting electrolyte. Polymer films were made by dropping 10 µL of 1 mg/mL 
polymer solution in o-dichlorobenzene onto the electrode surface and dried under argon 
prior to measurement. 
Mass Spectroscopy: Matrix-assisted laser desorption/ionization-time-of-flight 
(MALDI-TOF) mass spectrum was obtained on a Bruker Ultraflex III TOF/TOF mass 
spectrometer (Bruker Daltonics, Inc., Billarica, MA). 
Absorption and photoluminescence spectra were obtained on Synergymx plate 
reader with temperature control (Bio-Tek Instrument, inc.). Reader was controlled and data 
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was analyzed by BioTeck’s Gen5TM Data Analysis Software. UV-vis-near infrared 
absorption spectra were obtained on a Perkin-Elmer Lambda 950 spectrometer. 
Thermal Analysis: All samples were vacuum dried thoroughly before testing. 
Degradation temperatures (Td) of polymers were determined by TGA (TA instruments, 
Q500 TGA) across a temperature range of room temperature to 600 °C at a scanning rate 
of 10 °C min−1 under nitrogen. The glass transitions of polymers were characterized by 
DSC (TA Instruments, Q2000 DSC) at a scanning rate of 10 °C min−1 under nitrogen. 
Equilibrium time at highest/lowest temperature was 2 min. About 5 mg of each sample was 
used for the testing. All glass transition temperatures were calculated from the second 
heating cycle. 
Transmission Electron Microscopy (TEM): TEM images were obtained from a 
JEOL-1230 microscope with an accelerating voltage of 120 kV. For samples dispersed in 
organic solvents, 4 µL of dilution solution was dropped onto 300 mesh copper TEM grid 
(coated with amorphous carbon) and the sample was dried under vacuum overnight. For 
samples dispersed in aqueous solutions, 4 µL of dilution solution was dropped onto copper 
TEM grid and sit for 2 minutes. The remaining solution was wicked off carefully with a 
filter paper. The sample was left to dry for 2 hours followed by drying under vacuum 
overnight. 
Dynamic Light Scattering (DLS): The hydrodynamic size of nanoparticles at given 
temperature was determined by DLS measurements using a Malvern Zetasizer Nano ZS. 
The sample solutions were filtered through a 0.45 µm syringe membrane filter to remove 
any dust or aggregated particles before DLS measurements. 
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Contact Angle: Polymer thin films were spin coated on pre-cleaned glass slides 
from 1% (w/v) dioxane solutions. Contact angles of five liquids of known surface tensions 
(water, ethylene glycol, propylene glycol, formamide and glycerol) on the polymer films 
were measured using a Ramé-Hart contact angle goniometer. At least five measurements 
were performed on different spots and averaged. The measurements were conducted under 
room temperature. 
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CHAPTER III 
SYNTHESIS AND SURFACE MODIFICATION OF SEMICONDUCTOR 
NANOCRYSTALS 
3.1 Synthesis and characterization of semiconductor nanocrystals 
The synthesis and characterization of different types of semiconductor nanocrystals 
are described in details in the following sections. 
 
3.1.1 CdSe quantum dots 
Synthetic procedure: CdO (12.5 mg) and TDPA (55.7 mg) were placed in a 25 mL 
three necked round bottom flask equipped with a stir bar. The mixture was heated to 150 
°C under N2 flow. After cooling to room temperature, TOPO (1.89 g) and HDA (1.89 g) 
was added and then heated to 70 °C under N2 flow for 2 h. The mixture was then heated to 
300 °C under nitrogen atmosphere. The color of solution turned from reddish to colorless 
after the formation of Cd-TDPA complex in about 15 min. At this temperature, a TOPSe 
solution (40.4 mg elemental Se in 2.0 mL TOP prepare under N2) was injected quickly and 
the solution temperature dropped to 260 °C. The reaction was continued at 260 °C for 35 
min. Aliquots were taken out at different reaction time for analysis. After cooling to room 
temperature, the solution was diluted with 2 mL of toluene. CdSe QDs were precipitated
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Figure 3.1. Absorption and photoluminescence spectra of CdSe QDs with different reaction 
time. 
 
by addition of methanol, separated by centrifugation. The QDs were redispersed in hexane 
and precipitated with methanol again. Separated QDs were redispersed in hexane. 
Figure 3.1 shows absorption and photoluminescence spectra of CdSe QDs in 
hexane taken out at different reaction times. As reaction time increases, both the absorption
and photoluminescence shift gradually to longer wavelengths, indicating larger sized QDs 
were obtained with increasing reaction time, since optical properties of QDs are correlated 
to their sizes. These results showed that different sized QDs can be synthesized by varying 
the reaction time. The size of QDs can also been tuned by changing reaction conditions 
including: precursors, ligands, concentration of reagents, reaction temperature and reaction 
time. 
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3.1.2 CdSe quantum rods 
By changing precursor/ligand concentration and reaction conditions, rod-shaped 
CdSe nanocrystals can be synthesized. Synthetic procedure: CdO (50 mg), TDPA (224 mg) 
and TOPO (382 mg) were placed in a 25 mL three necked round bottom flask equipped 
with a stir bar. The mixture was heated to 80 °C under argon flow for 1 h. The mixture was 
then heated to 320 °C to form a colorless solution. Heating was then removed and mixture 
was cooled to room temperature. After aging under argon for 31 h, the mixture was heated 
to 315 °C. At this temperature, a TOPSe solution (8 mg elemental Se in 1.5 mL TOP 
prepared under argon) was injected quickly and the solution temperature dropped to 265 
°C. The reaction was continued at 270-280 °C for 20 min. Aliquots were taken out at 10 
min for analysis. After temperature dropped to about 50 °C, the solution was diluted with 
2 mL of toluene. The CdSe QRs were precipitated by addition of methanol, separated by 
centrifugation. The QRs were redispersed in hexane for further characterization.  
 
 
Figure 3.2. TEM images of CdSe QRs with different reaction times: (A) 10 min, (B) 20 
min. 
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Figure 3.2 shows TEM images of the CdSe QRs with reaction time of 10 min and 
20 min. For QRs obtained at 10 min reaction time, the length was determined to be 21.3 ± 
2.3 nm based on TEM images, while the diameter was 4.9 ± 0.4 nm. When the reaction 
time was extended to 20 min, the obtained QRs has a length of 23.4 ± 3.0 nm, and a 
diameter of 5.3 ± 0.6 nm. The increase of reaction time from 10 min to 20 min does not 
result in substantial growth or change on the morphology of naonrods. The aspect ratio of 
obtained QRs was around 4. By decreasing Cd precursor concentration, QRs with smaller 
aspect ratios of 2 and 3 have also been prepared as shown in Figure 3.3. 
 
 
Figure 3.3. CdSe QRs with aspect ratios around (A) 2 and (B) 3. 
 
3.1.3 PbS quantum dots 
In a 100 mL Schlenk flask equipped with a stir bar, 0.235 g PbO, 5.6 mL oleic acid 
and 6.3 mL 1-octadecene were added, the mixture was degassed under vacuum for 4 h and 
then heated up to 130 °C. A colorless solution was formed at this temperature. After 10 
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min, 105 µL hexamethyldisilathiane in 2 mL 1-octadecene was injected quickly and the 
reaction was kept under 130 °C. Aliquots were taken out at different reaction time (1 min, 
2 min, 5 min, 15 min, 20 min and 45 min) for analysis. The reaction solutions taken out 
were injected to hexane to quench the reaction. Acetone was added to precipitate the 
nanoparticles. After centrifugation, the precipitate was dispersed in hexane and precipitated 
with acetone again. The obtained pellets were dispersed in hexane for further analysis. 
Figure 3.4 shows TEM images of PbS QDs obtained at different reaction times. For 
reaction time of 1 min, the dispersity of obtained QDs was relatively good. When the 
reaction time was longer, the distribution became wider. To obtain monodispersed PbS 
QDs, the reaction time needs to be optimized. 
 
 
Figure 3.4. PbS quantum dots synthesized with different reaction times, from (A) to (F): 1 
min, 2 min, 5 min, 15 min, 20 min and 45 min, respectively. 
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3.1.4 PbSe quantum dots 
0.178 g PbO, 0.565 g oleic acid and 2.457 g 1-octadecene were added to a 50 mL 
3 necked flask, the mixture was flushed with N2 for 3 h at 100 °C. A colorless solution 
formed and it was heated to 160 °C for 30 min, followed by heating up to 180 °C. At this 
temperature, a TOPSe solution (0.128 g Se dissolved in 1.5 mL TOP) was added quickly. 
Upon injection, the temperature dropped to 165 °C and it was kept at this temperature for 
QDs growth. Aliquots were taken out at different reaction time (10 s, 30 s, 1 min, 2 min, 4 
min, 6 min and 8 min) for analysis. Reaction solutions taken out were injected to hexane 
to quench the reaction. Upon injection, only reaction solution for 10 s reaction time formed 
clear solution, all others formed flocculated solutions. PbSe QDs for 10 s reaction time was 
precipitated with acetone, centrifuged and redispersed in hexane for TEM analysis. Figure 
  
 
Figure 3.5. TEM image of PbSe QDs with a reaction time of 10 s. 
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3.5 shows the TEM image of obtained PbSe QDs with 10 s reaction time. The QDs have a 
narrow distribution in size and their diameter is calculated to be 7.7 ± 0.7 nm. 
 
3.1.5 CdSe/ZnS core/shell QDs 
TOPO (3.2 g), HDA (1.6 g) and CdSe QDs in hexane were placed in a Schenk flask 
and cooled with liquid N2. After the solvent was vacuumed away, the mixture was heated 
to 120 °C for 10 min, and then to 170 °C. Required amount of hexamethyldisilathiane and 
diethyl zinc for 5 monolayers of ZnS shell were dissolve in TOP and loaded into a syringe. 
This mixture was added dropwise to QDs solution in 15 min. After addition, the 
temperature was lowered to 90 °C and the reaction continued for 2.5 h. After cooling to 
about 40 °C, 4 mL 1-butanol was added to the mixture. The solution was stored at -20 °C 
as a stock solution. CdSe/ZnS QDs were purified by precipitation with methanol and 
disperse in hexane for 3 times. After the final cycle, the QDs were dispersed in chloroform. 
 
3.1.6 CdSe/CdS/ZnS core/shell/shell QDs@QRs 
Core-shell-shell structured QDs-in-QRs was prepared to obtain semiconductor 
nanoparticles with higher stability and fluorescence quantum yield. 
CdSe/CdS core-shell QDs-in-QRs: To a 50 mL 3-neck flask equipped with stir bar 
was added 60 mg CdO, 3.00 g TOPO, 80 mg HPA and 290 mg ODPA. The mixture was 
degassed under vacuum for 1.5 h at 60 °C, then heated to 310 °C. The solution turned to be 
colorless when it was heated to 250 °C. The temperature dropped to 260 °C when 1.5 mL 
TOP was injected and slowly recovered to 310 °C. In a separate flask, 120 mg elemental 
sulfur was dissolved in 2 mL TOP under argon. 1.2 mL CdSe in TOP (contains 0.085 µmol 
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CdSe QDs, prepared by dissolving dried CdSe in TOP) was added to sulfur-TOP and stirred 
to mix. This CdSe-sulfur-TOP mixture was quickly injected to Cd precursor solution. Upon 
injection, temperature dropped to 260 °C and this temperature was kept for 6 min for CdS 
shell growth. Toluene was added when temperature dropped to around 60 °C. The 
nanoparticles were precipitated by addition of methanol, centrifuged and redispersed in 
CHCl3. After centrifuge at 3500 rpm for 5 min, a clear red solution of CdSe/CdS core-shell 
QDs-in-QRs was obtained. Figure 3.6A shows the absorption and photoluminescence 
spectra of the QDs-in-QRs. Figure 3.6B shows the TEM image of synthesized 
nanoparticles. They are bullet shaped rods with length of 7.7 ± 0.8 nm and diameter of 4.0 
± 0.3 nm. The quantum yield was estimated to be 87%. 
CdSe/CdS/ZnS core-shell-shell QDs-in-QRs: 3.2 g TOPO, 1.6 g HDA and 2 mL 
29.2 µM CdSe/CdS QDs-in-QRs CHCl3 solution were mixed and dried under vacuum. 
 
 
Figure 3.6. (A) Absorption and photoluminescence spectra and (B) TEM image of 
CdSe/CdS core-shell QDs-in-QRs. 
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This mixture was heated to 160 °C under argon, a TOP solution containing required amount 
of diethyl zinc and hexamethyldisilathiane for 5 monolayers of ZnS was added to the 
mixture in 50 min. After addition, the temperature was lowered to 90 °C and reaction was 
continued for another 1 h. Toluene was added when temperature dropped to around 60 °C. 
Nanoparticles were recovered by precipitation with methanol and redispersed in CHCl3. 
Figure 3.7A shows the absorption and photoluminescence spectra of the core-shell-shell 
QDs-in-QRs. Figure 3.7B shows the TEM image of synthesized nanoparticles. Both 
absorption and photoluminescence spectra were similar to that of core-shell structured 
starting QDs-in-QRs. The shape and size of final nanoparticle did not change much after 
ZnS shelling. The quantum yield was estimated to be around 58%. 
 
3.1.7 Water soluble CdTe QDs 
CdTe QDs were prepared according to modified literature procedures.181,182 99 mL 
 
 
Figure 3.7 (A) Absorption and photoluminescence spectra and (B) TEM image of 
CdSe/CdS/ZnS core-shell-shell QDs-in-QRs. 
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of deionized water was degassed by bubbling with argon for 1 h. CdCl2·2.5H2O (0.0583 g, 
0.26 mmol) and MPA (0.0427 g) were added to the aqueous solution, and the pH was 
adjusted to 8.5 - 9 by the addition of 5% NaOH solution. The mixture was further bubbled 
with argon for ~30 min. Subsequently, 1.0 mL of freshly prepared NaHTe solution, 
produced by the reaction of NaBH4 (0.0183 g, 0.49 mmol) with tellurium powder (0.0231 
g, 0.181 mmol) in a 1.0 mL aqueous solution, was mixed with above CdCl2-MPA solution. 
The resulting mixture solution was refluxed under argon flow at 96 - 99 °C for 4 h to obtain 
the CdTe QDs. The obtained QDs was further purified by ultrafiltration. Unreacted MPA 
was removed by centrifugation with 3000 MWCO filter at 3300 rpm for 60 min. The QDs 
were washed with DI (deionized) water and centrifuged again. The upper phase was 
subjected to another ultrafiltration step on a 50,000 MWCO filter. After this step, the lower 
phase was concentrated with 3000 MWCO filter to reach a concentration of 6.0 µM QDs.18 
By changing the reaction time, CdTe QDs with emission color from green to red can be 
synthesized. Figure 3.8 shows absorption and photoluminescence spectra of CdTe QDs 
with different sizes. Surfaces of these water soluble CdTe QDs were passivated by 
mercaptopropionic acid. 
 
3.1.8 CdTe nanorods 
To a 250 mL 3-neck flask was added 4 mM CdCl2, 9.6 mM L-cysteine and 100 mL 
DI water. After adjusting pH to about 10 with 1.0 M NaOH, the mixture was degassed by 
argon bubbling for 30 min. To a separate 3-neck 250 mL flask, 3 mmol Te, 0.9 mmol 
NaBH4 and 5 mL degassed water was added under argon. The Te precursor mixture was 
stirred for 2 h until Te powder disappeared (solution color changed to light purple to pink). 
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Figure 3.8 Absorption and photoluminescence spectra of CdTe QDs with different sizes. 
Inset: photo of CdTe solutions under UV (365 nm) light. 
 
0.5 M H2SO4 solution was added to Te precursor solution dropwise via an addition funnel, 
the generated H2Te gas was transferred to Cd precursor solution via a cannula. After 
addition of 30 mL 0.5 M H2SO4 solution, the reaction mixture was heated to ~ 98 °C and 
reacted for 1 h. The reaction solution was cooled to room temperature and aged under 
ambient conditions in dark. At 45 h aging time, the obtained CdTe nanorods were purified 
with 50 k MWCO Millipore filter and subject to analysis. The solution was stored at 4 °C. 
Figure 3.9A shows the absorption and photoluminescence spectra of the CdTe nanorods. 
Figure 3.9B shows the TEM image. The nanorods had a broad absorption from 300 to 800 
nm with no distinct first absorption peak as shown in Figure 3.9A, indicating the diameter 
of obtained nanorods had relatively wide distribution. TEM image shows both the length 
and diameter have relatively large distribution. 
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Figure 3.9. (A) Absorption and photoluminescence spectra and (B) TEM image of CdTe 
nanorods. 
 
3.2 Surface modification of semiconductor nanocrystals 
The surface modification of semiconductor nanocrystals is described in details in 
the following sections. 
 
3.2.1 (±)-Dihydrolipoic acid (DHLA) coated CdS/ZnS QDs 
(±)-α-Lipoic acid (107 mg) and NaBH4 (39 mg) were mixed in CHCl3/methanol 
mixed solvent (1 mL CHCl3 + 2 mL methanol) and stirred vigorously under argon for 20 
min. TOPO/HDA coated QDs in CHCl3 (~1.95×10
-5 mmol QDs) was added to the above 
mixture and stirred for 20 h under argon in the dark. 3 mL 1X PBS (phosphate buffered 
saline, pH = 7.4) was added and stirred for 30 min. The two phases were separated by 
centrifuge and the aqueous layer containing QDs was collected. The QDs were further 
purified by running through a Sephadex G25 column using 1X PBS as eluent.  
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3.2.2 Mercaptopropionic acid (MPA) coated CdSe/CdS/ZnS QDs-in-QRs 
3 mL QDs-in-QRs CHCl3 solution (contains 0.048 umol nanocrystal), 3 mL 
degassed 1X PBS and 30 µL MPA were mixed in a 20 mL vial and stirred under argon for 
30 min. pH of the mixture was adjusted to 10-11 by addition of tetramethylammonium 
hydroxide pentahydrate (TMAPH) and stirred vigorously for another 30 min. The 
nanoparticles was transferred to aqueous phase as the chloroform phase became colorless. 
The phases were separated by centrifugation at 3000 rpm for 5 min. The upper clear 
aqueous layer was carefully taken out and filtered through a 0.45 µm nylon filter and stored 
at 4 °C under dark. Quantum yield of the QDs-in-QRs decreased from 58% to 19% after 
ligand exchange. 
 
3.2.3 Azide functionalized CdSe QRs 
Synthesis of bromobenzylphosphonic acid (BBPA)183: A mixture of 4-bromobenzyl 
bromide (1.00 g) and triethyl phosphite (1.33 g) was heated and stirred under N2 at 150 °C 
for 5 h to obtain diethylphosphonate ester. Unreacted triethyl phosphite and byproducts 
were then removed under vacuum at 100 °C for several hours. Excess concentrated aqueous 
HCl was added to hydrolyze the diethylphosphonate ester, the mixture was heated at 100°C 
overnight. After cooling to room temperature, the solid was filtered out and washed with 
water. 15 mL CH3CN was added and removed in vacuo. Another 10 mL CH3CN was added 
and removed again. BBPA was recrystallized using ethyl acetate to obtain the pure product 
as white crystal (yield 81%). 1H NMR (300 MHz, DMSO-d6): 7.46 (d, 2H, J = 7.6 Hz) and 
7.20 (d, 2H, J = 7.4 Hz; 4H), 2.99 ppm (d, 2H, J = 21 Hz). 31P NMR (300 MHz, DMSO-
d6): 20.48 ppm. 
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Synthesis of BBPA-capped CdSe QRs184: A mixture of BBPA (67 mg), TDPA (320 
mg), TOPO (1.5 g), and CdO (0.1 g) was first degassed in a 25 mL three-neck flask at room 
temperature in vacuum and subsequently at 80 °C for 60 min. It was then slowly heated 
under Ar until CdO decomposed and the solution turned clear. The temperature was then 
raised to 315 °C. Selenium (31 mg) dissolved in TOP (1 mL) was rapidly injected into the 
vigorously stirred Cd precursor; the CdSe nanorods were allowed to grow for 10 min. 
Toluene (3 mL) was added to the mixture when the temperature dropped to ~50 °C. The 
BBPA-functionalized CdSe QRs was precipitated by addition of methanol and centrifuged. 
The QRs was purified by repeated dissolution in THF and precipitation in methanol (three 
times).  
Azide capped CdSe QRs: NaN3 (20 mg) was added to a CdSe QRs solution (12 mg 
QRs in 3 mL THF). The mixture was stirred under Ar at r.t. for 3 days. Excess amount of 
NaN3 was removed by centrifugation (5000 rpm for 7 min) and the resulting azide capped 
CdSe QRs were then precipitated with methanol. The QRs were redispersed in hexane and  
 
 
Figure 3.10. Absorption and photoluminescence spectra of azide capped CdSe QRs. 
73 
 
Figure 3.11. FT-IR of azide capped CdSe QRs. 
 
 
Figure 3.12. TEM image of (A) BBPA capped CdSe QRs and (B) azide capped CdSe QRs. 
 
washed with H2O for three times. The absorption and photoluminescence spectra of azide 
capped CdSe QRs are shown in Figure 3.10. After azide surface functionalization, the QRs 
are still fluorescent. Successful azide functionalization was confirmed by FT-IR (Figure 
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3.11): the peak at 2068 cm-1 was characteristic absorption band from azide group. TEM 
image of azide modified QRs showed that they have the same rod-shaped morphology as 
the original BBPA capped QRs (Figure 3.12). 
 
3.2.4 Azide functionalized CdSe/ZnS core-shell QDs 
Synthesis of LA-N3 (lipoic acid-N3): LA (0.543 g, 2.63 mmol), 3-azido-1-propanol 
(0.2 g, 1.98 mmol), and 4-(dimethyl amino) pyridinium 4-toluenesulfonate (DPTS, 58.9 
mg, 0.2 mmol) were dissolved in 10 mL anhydrous dichloromethane. DIC (0.275 g, 2.18 
mmol) was added to the above mixture in one portion at 0 °C. The reaction was stirred 
overnight while it slowly warmed up to room temperature. The reaction mixture was 
filtered, washed with 5% HCl (x2), 0.5 M NaOH, H2O and then dried with Na2SO4. After 
silica gel chromatography with CHCl3, the product was obtained as yellow oil (0.60 g, 
78.8%). 1H NMR (300 MHz, CDCl3): δH (ppm) = 1.37 – 1.57 (m, 2H), 1.59 - 1.77 (m, 4H), 
1.84 - 1.98 (m, 3H), 2.33 (t, J = 7.47 Hz, 2H), 2.47 (dtd, J = 12.84, 6.53, 6.53, 5.42 Hz, 
1H), 3.05 - 3.24 (m, 2H), 3.39 (t, J = 6.73 Hz, 2H), 3.52 - 3.64 (m, 1H), 4.12 - 4.20 (t, J =  
 
 
Figure 3.13. Absorption and photoluminescence spectra of QD-DHLA-N3. 
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6.15 Hz, 2H). 13C NMR (75 MHz, CDCl3): δC (ppm) = 173.32, 61.21, 56.31, 48.21, 40.22, 
38.49, 34.59, 33.96, 28.75, 28.14, 24.63.  
Surface modification of CdSe/ZnS core/shell QDs with dihydrolipoic acid-N3 (QD-
DHLA-N3)
185: CdSe/ZnS QDs are ligand exchanged with DHLA-N3 and DHLA 
(dihydrolipoic acid) to get water soluble QDs functionalized with azide groups. Excess 
amount of the precursors of DHLA and DHLA-N3 (the precursors had a molar ratio of 2:1) 
were dissolved in mixed solvent of CHCl3 and MeOH (1:2, vol/vol). Two equimolar 
amounts of sodium borohydride was added to the solution and vigorously stirred for 20 
min under argon flow at room temperature. QDs solution in chloroform was added to the 
solution and stirred for 20 h at room temperature. After addition of 2 mL 1X PBS, the pH 
of the mixture was adjust to ~10 by addition of TMAHP. The QDs were transferred to  
 
 
Fiugre 3.14. TEM image of QD-DHLA-N3. 
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aqueous phase and separated by centrifugation. To remove excess free DHLA and DHLA-
N3, the QDs solution was purified three times using Millipore 3000 MW cutoff centrifugal 
filter. The absorption and photoluminescence spectra of QD-DHLA-N3 are shown in Figure 
3.13. After ligand exchange, the QDs were still fluorescent, however, this process 
decreased quantum yield. TEM image (Figure 3.14) of QD-DHLA-N3 showed that the QDs 
were dispersed well and no clear aggregation was observed.
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CHAPTER IV 
THERMORESPONSIVE DUAL EMISSION NANOSENSOR BASED ON QUANTUM 
DOTS AND DYE LABELED POLY(N-ISOPROPYLACRYLAMIDE) 
Portions of this work have been published previously as 
Jinjun Zhou, Kaushik Mishra, Vrushali Bhagat, Abraham Joy and Matthew L. Becker 
Polymer Chemistry, 2015, 6, 2813-2816. 
4.1 Outline 
Dual end-functionalized telechelic poly(N-isopropylacrylamide) (PNIPAM) was 
synthesized using reversible addition-fragmentation chain-transfer (RAFT) polymerization. 
One end was coupled to a fluorescent dye and the other end was covalently coupled to 
CdSe/ZnS quantum dots (QDs) through carbodiimide chemistry. The hybrid nanoparticle 
shows ratiometric changes in fluorescence emission upon temperature cycling between 
25°C and 45°C. 
 
4.2 Introduction 
Inorganic nanomaterials have been used to create stimuli responsive organic-
inorganic sensors and probes for biological, environmental and safety applications.126,186,187 
A number of sensors based on gold nanoparticles188-191, silver nanoparticles192, carbon 
nanotubes193,194 and quantum dots108-110,195-197 (QDs) have shown sensitivity to 
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pH108-110,195-197, temperature189, ions188,190,192,198 or other molecules191,193,194. Among 
nanomaterials, QDs are an attractive choice due to their unique electrochemical and 
photophysical properties126 such as  tunable and intense absorption spectra, narrow-
symmetric emission with high quantum yield, size-tunable, large “effective” Stokes shifts, 
high photostability and easy surface functionalization.3,4,126,199 
Sensors based on fluorescence resonance energy transfer (FRET) mechanism 
utilizing QDs as donors afford several inherent photophysical advantages. When compared 
to organic dyes, the advantages include the ability to optimize the spectral overlap by 
tuning the QD size, attaching multiple acceptors onto the QD surface and reducing the 
direct excitation of the acceptor.200 Dual-emitting QDs FRET sensors show enhanced 
detectivity and sensitivity.101,123 The combination of QDs and polymers has been used to 
prepare hybrid materials responsive to temperature or pH.195,201-203 Although dual-emitting 
QDs/polymer hybrid sensors have been reported, surface initiated polymerization is 
afflicted with poor molecular mass control and QDs designed as acceptors limit their 
application.110 Here, a new method is proposed to prepare a QDs/polymer-based FRET 
sensor that precisely controls the molecular mass of the polymer and use QDs as the donor. 
PNIPAM with its lower critical solution temperature (LCST) of ~32 °C is probably the 
most-studied temperature responsive polymer,203 and thus it is used in this work as a model 
polymer to prepare a temperature responsive sensor. 
 
4.3 Experimental section 
The experimental section describes the materials and methods used, synthetic 
procedures for the chemical compounds. 
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4.3.1 Materials and methods 
CdO (99.998%, Puratronic®), Tri-n-octylphosphine oxide (98%, TOPO), tris(2-
carboxyethyl)phosphine hydrochloride (98%, TCEP) and selenium (99.99% trace metals 
basis), were obtained from Alfa Aesar. n-Tetradecylphosphonic acid (97%, TDPA) was 
obtained from Strem Chemiclas. Trioctylphosphine (technical grade, 90%), 
hexadecylamine (HDA, technical grade, 90%),  diethylzinc solution (1.0 M in heptane), 
hexamethyldisilathiane (synthesis grade), sodium borohydride (NaBH4, granular, 99.99% 
trace metals basis), (±)-α-lipoic acid (≥97%), Sephadex® G-25 (BioReagent, for molecular 
biology, DNA grade, superfine), n-isopropylacrylamide (97%) and tetramethylammonium 
hydroxide pentahydrate (≥97%, TMAH) were purchased from Sigma-Aldrich. Texas red® 
C2 maleimide was obtained from Molecular Probes (Eugene, OR). N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) were obtained from 
Oakwood Products, Inc. 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid were 
synthesized following published procedures.204 Unless otherwise stated, all solvents used 
were reagent grade and all chemicals were used as received without further purification. 
1H and 13C NMR spectra were recorded using Varian NMR spectrophotometer (300 
MHz or 500 MHz). Number-average molecular mass (Mn), weight-average mass (Mw), and 
molecular mass distribution (ĐM) were determined by size exclusion chromatography 
(SEC), and molecular mass values were determined by light scattering. The SEC analysis 
were performed on a Waters 150-C Plus instrument equipped with three HR-Styragel 
columns and a double detector system. THF was used as eluent at a flow rate of 1.0 mL/min 
at 35 °C. Absorption and photoluminescence spectra were obtained on Synergymx plate 
reader with temperature control (Bio-Tek Instrument, inc.). Matrix-assisted laser 
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desorption/ionization-time-of-flight (MALDI-TOF) mass spectrum was obtained on a 
Bruker Ultraflex III TOF/TOF mass spectrometer (Bruker Daltonics, Inc., Billarica, MA). 
Transmission electron microscopy (TEM) images were obtained from a JEOL-1230 
microscope with an accelerating voltage of 120 kV. The hydrodynamic size of DHLA 
coated QDs and QDs-PNIPAM-TR at given temperature was determined by DLS 
measurements using a Malvern Zetasizer Nano ZS. The sample solutions were filtered 
through a 0.45 µm syringe membrane filter to remove any dust or aggregated particles 
before DLS measurements. 
 
4.3.2 Synthesis of semiconductor nanocrystals 
Synthesis of core CdSe nanocrystals: CdO (30.2 mg), TDPA (137 mg), TOPO (3.8 
g) and HDA (3.8 g) were placed in a three neck round bottom flask and degassed at 80 °C 
for 2.5 h. The mixture was then heated to 320 °C under argon atmosphere. The color of 
solution turned from reddish to colorless at around 300 °C after the formation of Cd-TDPA 
complex. At this temperature, a TOP-Se solution (97.2 mg elemental Se in 3 mL TOP 
prepared under argon) was injected quickly and the solution temperature dropped to 270 
°C. The reaction was continued at 270 °C for 10 min. After cooling to room temperature, 
the solution was diluted with 2 mL of toluene. The core CdSe nanocrystals were 
precipitated by addition of methanol, separated by centrifugation. The nanocrystals were 
redispersed in hexane and precipitated with methanol again. Separated nanocrystals were 
redispersed in hexane. 
Synthesis of core-shell CdSe/ZnS QDs: TOPO (3.2 g), HDA (1.6 g) and QDs in 
hexane were placed in a Schenk flask and freezed with liquid N2. After the solvent was 
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vacuumed away, the mixture was heated to 120 °C for 10 min, and then 170 °C. Required 
amount of hexamethyldisilathiane and diethyl zinc for 5 layers of ZnS shell were dissolve 
in TOP and loaded into a syringe. This mixture was added dropwise to QDs solution in 15 
min. After addition, the temperature was lowered to 90 °C and the reaction continued for 
2.5 h. After cooling to about 40 °C, 4 mL 1-butanol was added to the mixture. The solution 
was stored at -20 °C as a stock solution. The CdSe/ZnS QDs were purified by precipitation 
with methanol and redispersed in hexane for 3 times. After the final cycle, the QDs were 
dispersed in chloroform. 
Preparation of (±)-dihydrolipoic acid (DHLA) coated QDs: (±)-α-lipoic acid (107 
mg) and NaBH4 (39 mg) were mixed in CHCl3/methanol mixed solvent (1 mL CHCl3 + 2 
mL methanol) and stirred vigorously under argon for 20 min. TOPO/HDA coated QDs in 
CHCl3 (~1.95×10
-5 mmol QDs) was added to the above mixture and stirred for 20 h under 
argon in the dark. 3 mL 1X PBS (phosphate buffered saline, pH = 7.4) was added and 
stirred for 30 min. The two phases were separated by centrifuge and aqueous layer 
containing QDs was collected. The QDs were further purified by running through a 
Sephadex G25 column using 1X PBS as eluent.  
 
4.3.3 Preparation of the nanohybrid material 
Synthesis of RAFT agent 2-((tert-butoxycarbonyl)amino)ethyl 2-(((dodecylthio)-
carbonothioyl)thio)-2-methylpropanoate (M4.1): 2-(((dodecylthio)-carbonothioyl)thio)-2-
methylpropanoic acid (1.0 g, 2.74 mmol), dicyclohexyl-methanediimine (DCC) (0.679 g, 
3.29 mmol) and tert-butyl (2-hydroxyethyl)carbamate (0.531 g, 3.29 mmol) were dissolved 
in 15 mL anhydrous DCM and cooled to 0 °C. N,N-dimethylpyridin-4-amine (DMAP) 
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(0.040 g, 0.329 mmol) dissolved in 2 mL DCM was added dropwise to the reaction mixture. 
The reaction was stirred at room temperature for 24 h. A white byproduct was filtered out. 
The filtrate was concentrated and purified by silica gel column chromatography using a 
gradient up to 30% EtOAc in hexanes to obtain 2-((tert-butoxycarbonyl)amino)ethyl 2-
(((dodecylthio)carbonothioyl)thio)-2-methylpro-panoate (1.00 g, 1.969 mmol, 71.8 % 
yield). 1H NMR (500 MHz; CDCl3): δ 4.18 (t, J = 4.2 Hz, 2H), 3.40 (d, J = 3.8 Hz, 2H), 
3.29 (t, J = 7.5 Hz, 2H), 1.71 (s, 6H), 1.68 (t, J = 7.4 Hz, 2H), 1.45 (s, 9H), 1.40 (t, J = 7.3 
Hz, 2H), 1.28 (d, J = 20.9 Hz, 16H), 0.89 (t, J = 6.8 Hz, 3H). 
 
 
Scheme 4.1. Synthesis route of 2-((tert-butoxycarbonyl)amino)ethyl 2-
(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate (M4.1). 
 
Synthesis of polymer P4.1: In a typical polymerization, N-isopropylacrylamide 
(1.00 g, 8.84 mmol), RAFT agent M4.1 (0.090 g, 0.177 mmol), AIBN (2.5 mg, 0.015 mmol) 
and anhydrous 1,4-dioxane (2.0 mL) were added to a microwave reaction vessel of volume 
10 mL with an appropriate stir bar. The reaction vessel was degassed thrice by freeze pump 
thaw. Then the vessel was transferred to the microwave reactor and heated at 70 °C for 4 h 
under fast stirring conditions. The resulting polymer was purified by carrying out dialysis 
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in MeOH while using a 1000 Da MWCO dialysis bag to yield 0.950 g of polymer (Mn = 
4.7 kg/mol, PDI = 1.07). 
Synthesis of polymer P4.2: In a 20 mL scintillation vial equipped with a stir bar, 
200 mg polymer P4.1 was added. 2 mL 4 M HCl dioxane solution was added and stirred 
under N2 for 2 h at room temperature. After removal of solvent and vacuum drying, 160 
mg light yellow solid was obtained. 
Synthesis of polymer P4.3: 100 mg polymer P4.2 and 72 mg (0.25 mmol) TCEP 
were loaded into a 10 mL Schlenk flask equipped with a stir bar. The flask was vacuumed 
and backfilled with N2 for 3 times. A solution of n-octylamine (65 mg, 0.5 mmol) in DMF 
(5 mL) was degassed with N2 for 15 min and added to the flask via syringe. After stirring 
at room temperature for 20 h, DMF was removed in vacuo. The residue was dissolved in 
methanol and dialyzed in methanol with a 2000 MWCO dialysis tube for 3 days. After 
removal of methanol, the residue was dissolved in H2O and freeze dried to give 50 mg 
white solid as product. 
Synthesis of polymer P4.4: 10 mg polymer P4.3 was dissolved in 1 mL degassed 
1X PBS under argon in a 10 mL Schlenk flask, 5.7 mg TCEP was added and the mixture 
was stirred for 17 h. 1.5 mg Texas Red C2 maleimide in 0.15 mL anhydrous DMSO was 
added to the above mixture and stirred for another 24 h. The reaction solution was dialyzed 
against H2O with a 3000 MWCO dialysis tube for 3 days. 8 mg purple solid was obtained 
as product after lyophilization. 
Preparation of QD-PNIPAM-TR hybrid: To a 200 µL PBS solution of DHLA coated 
QDs (2.05 µM) was added 4 mg EDC, the mixture was shaken under room temperature for 
2 h. 400 µL 2 mg/mL TR-PNIPAM solution (in 1X PBS) was added and the reaction was 
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continued at 4 °C for 48 h. The QD-PNIPAM-TR hybrid was obtained by size exclusion 
chromatography using Sephadex G25, and PBS was used as an eluent. 
 
4.3.4 Calculation of distance between QDs and dye 
Based on the ideal chain model, end to end distance of a polymer chain is 
√〈𝑅2⃗⃗ ⃗⃗  〉 = √𝑁𝑙 
√〈𝑅2⃗⃗ ⃗⃗  〉: average end to end distance 
l: length of each repeating unit (3.0 Å) 
N: number of repeating units 
For PNIPAM with molecular mass of 5 kDa, the number of repeating unit is around 44, the 
end-to-end distance was calculated as: 
√〈𝑅2⃗⃗ ⃗⃗  〉 = √44 × 3.0Å ≅ 20Å 
Thus, for QDs donor with diameter of 35 Å, the center to center distance between QDs 
donor and dye acceptor is 37.5 Å. 
 
4.4 Results and discussion 
Scheme 4.2 shows the structure and temperature response mechanism of the sensor. 
PNIPAM was synthesized by RAFT mediated polymerization with precisely controlled 
molecular mass and dual-end functionality.205-207 One end is a reactive group that is able to 
form a covalent bond to the QDs surface, while the other end is functionalized with a dye 
(Texas Red, TR). The molecular mass of PNIPAM was carefully selected for optimal 
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dimensional spacing between the donor and acceptor to yield efficient FRET from QDs to 
the dye. When the temperature is below LCST, the polymer is hydrophilic and the chains 
are in a relatively extended conformation. When the temperature is above the LCST, the 
polymer becomes hydrophobic and the chains collapse, resulting in a closer distance 
between QDs and dye. Since FRET efficiency is closely related to the distance between 
donor and acceptor,103 changes in the QD and dye emission bands will be observed as a 
result of temperature change. Thus, a temperature response of the nanohybrid can be 
achieved by the ratio of the two emission bands. 
 
 
Scheme 4.2. Schematic of the FRET QDs/PNIPAM temperature sensor. 
 
Scheme 4.3 shows the synthesis route for the dual-end functionalized PNIPAM. 
The polymer was synthesized by RAFT polymerization in dioxane using 2-((tert-
butoxycarbonyl)amino)ethyl 2-(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate 
(M4.1) as the chain transfer agent. As a living polymerization technique, RAFT 
polymerization can be used to prepare polymers with controlled molecular mass by 
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carefully choosing the ratio between the monomer, initiator and chain transfer agent. Post-
polymerization, the two ends of the polymer chain can be modified with different 
functional groups. 
 
 
Scheme 4.3. Synthesis of dual end-functionalized PNIPAM via RAFT using a Boc-
protected amine chain transfer agent. 
 
A modified RAFT agent bearing a Boc protected amine group was used to 
synthesize PNIPAM (P4.1) which was subsequently deprotected with HCl/dioxane to yield 
polymer (P4.2). Aminolysis of trithiocarbonate with n-octylamine generated free thiol 
groups on the other end of the polymer (P4.3). Figure 4.1 shows that the absorption band 
of trithiocarbonate group peaked at 311 nm disappeared after aminolysis, indicating thiol 
groups were generated after reaction. Texas Red (TR) was attached to the polymer chain 
via thiol-ene reaction between the thiol group and Texas Red C2 maleimide to obtain dual-
end functionalized PNIPAM (P4.4). The successful synthesis of P4.4 was confirmed by 
UV-visible spectroscopy and mass spectroscopy (Figure 4.2, Figure 4.3). UV-vis 
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spectroscopy of polymer P4.4 in H2O shows the characteristic absorption band of TR 
peaked at 592 nm, indicating the TR dye was tethered to PNIPAM chain. Mass 
spectroscopy (Figure 4.3) further confirmed that the desired molecule was obtained. 
 
 
Figure 4.1. UV-vis spectra of polymer P4.2 and polymer P4.3 in CHCl3. 
 
 
Figure 4.2. UV-vis spectrum of TR-PNIPAM (P4.4) in H2O. 
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Figure 4.3. (A) MALDI-TOF spectrum of TR-PNIPAM (P4.4). (B) Zoomed in of spectrum 
A showing DP = 43. Empirical formula: [C301H524N49O52S3Cl + Na]
+. Calculated avg. 
mass: 5816.854, measured avg. mass: 5816.292. (DP: degree of polymerization) 
89 
QDs used in this study are core-shell CdSe/ZnS QDs and are synthesized using 
reported synthesis routes based on growth and annealing of organometallic compounds at 
high temperature.8,17 QDs with tunable size and absorption/photoluminescence spectra can 
be synthesized by using different experimental conditions. Ligand exchange with 
dihydrolipoic acid (DHLA) rendered the QDs water soluble via carboxylic functional 
groups. The QDs-PNIPAM-TR hybrid was prepared by covalently tethering PNIPAM-TR 
to the QDs surface through carbodiimide mediated amide coupling. 
Figure 4.4 shows TEM images of as synthesized organic coated QDs, DHLA coated 
water soluble QDs and QDs-PNIPAM-TR nanohybrid, respectively. Figure 4.4a and 4.4b 
indicate that the QDs have narrow size distribution and are dispersed well both before and 
after ligand exchange. The size of TOPO/HDA (trioctylphosphine oxide/hexadecylaimne) 
covered core-shell QDs was determined to be 3.4±0.3 nm from TEM images. DHLA 
coated QDs have an average diameter of 3.5±0.4 nm. After the polymer was functionalized 
onto QDs surface, the hybrid could be dispersed well in aqueous solution without aggregate  
 
 
Figure 4.4. TEM images of (a) TOPO/HDA coated QDs, (b) DHLA coated QDs, and (c) 
QDs-PNIPAM-TR nanohybrid. The scale bar is 25 nm. 
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Figure 4.5. (a) Normalized absorption and photoluminescence spectra of QDs and Texas 
Red. (b) Overlap function: 𝑱(𝝀) = 𝑷𝑳𝑫−𝒄𝒐𝒓𝒓(𝝀) × 𝝀
𝟒 × 𝝐𝑨(𝝀). 
 
formation (Figure 4.4c). The size of the hybrid increased to 4.2±0.5 nm due to the polymer 
coating on QDs surface. 
FRET efficiency is dictated by the overlap between donor emission and acceptor 
absorption spectra,208 thus the size of QDs were carefully tuned such that the donor 
emission overlaps with the absorption band of TR. The distance between donor unit and 
acceptor unit also influences the FRET process. 
The normalized absorption and photoluminescence spectra are shown in Figure 
4.5a. Figure 4.5b shows the overlap function J(λ) between QDs and TR. It is used to 
calculate the Förster distance (R0) with the following equation:
102,103 
𝑅0 = (
9000(𝑙𝑛10)𝜅𝑝
2𝑄𝐷
𝑁𝐴128𝜋5𝑛𝐷
4 𝐼)
1/6
 
where 𝜿𝒑
𝟐 = 2/3 for randomly oriented dipoles, 𝑸𝑫 is the quantum yield of QDs, 𝑵𝑨 is 
Avogadro’s number, 𝒏𝑫is refractive index of medium. I is overlap integral, defined as 𝑰 =
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∫ 𝑷𝑳𝑫−𝒄𝒐𝒓𝒓(𝝀) × 𝝀
𝟒 × 𝝐𝑨(𝝀)𝒅𝝀
∞
𝟎
, where 𝑷𝑳𝑫−𝒄𝒐𝒓𝒓  is a function of normalized donor 
emission spectrum, 𝝐𝑨 is extinction coefficient of acceptor. The FRET distance (R0) of 
QDs and TR was calculated to be 40 Å. To have efficient FRET, the distance between donor 
and acceptor should be close to the 40 Å Förster distance. In this study, the molecular mass 
of PNIPAM was controlled by RAFT polymerization to be close to 5 kDa. The end to end 
distance of the polymer chain is calculated to be 20 Å, making the center to center distance 
between QDs donor and TR acceptor to be 37.5 Å. This distance ensures an effective FRET 
to occur between QDs and TR.  
 
 
Figure 4.6. Absorption (a) and photoluminescence (b) spectra of QDs, PNIPAM-TR and 
QDs-PNIPAM-TR nanohybrid. 
 
Figure 4.6a shows the absorption spectra of QDs, PNIPAM-TR and QDs-PNIPAM-
TR, while Figure 4.6b shows their photoluminescence spectra. Excitation wavelength was 
chosen to be 400 nm for all the photoluminescence tests. The absorption spectrum of QDs-
PNIPAM-TR hybrid is a superposition of that of QDs and PNIPAM-TR, which indicates 
the TR functionalized PNIPAM has been successfully introduced onto the QDs surface 
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through amide covalent bond formation. The emission peak of QDs with a λmax at 564 nm 
overlaps with the absorption spectrum of TR. The overlap ensures energy transfer between 
the QDs and TR where the QDs are a donor and TR is an acceptor. Figure 4.6b shows that 
the emission intensity of TR from PNIPAM-TR is relatively low when excited at 400 nm, 
where TR has very limited absorption (Figure 4.5a). For the hybrid material, the spectrum 
shows two strong emission bands; the peak at 564 nm is from QDs, while the one at 614 
nm is assigned to TR. The intensity of QDs emission peak decreases, while at the same 
time the intensity of TR emission increases dramatically. Since the concentrations of TR in 
PNIPAM-TR and QDs-PNIPAM-TR are the same (Figure 4.6a, same absorbance at 614 
nm for PNIPAM-TR and QDs-PNIPAM-TR), the increase of TR emission peak intensity 
is a result of FRET between QDs and TR. These results show that the QD-PNIPAM-TR 
hybrid has been successfully prepared and FRET process occurs between QDs and TR due  
 
 
Figure 4.7. (a) Photoluminescence spectra of QDs-PNIPAM-TR hybrid solution tested at 
25 °C and 45 °C. (b) Reversible Photoluminescence intensity change (I564/I614) as a 
function of temperature shows a highly reproducible and stable response. 
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to careful selection of QDs, dye material, and PNIPAM polymer with precisely controlled 
molecular mass. 
To test temperature response, the emission spectra of the hybrid material at 25 °C 
and 45 °C were recorded using an excitation wavelength of 400 nm. Since the LCST of 
PNIPAM is around 32 °C, 45 °C was chosen to investigate the hybrid’s temperature 
response above LCST. Figure 4.7a shows photoluminescence (PL) spectra of the hybrid 
solution at 25 °C and 45 °C. When the temperature is raised from 25°C to 45 °C, the 
emission from QDs at 564 nm decreases, while the emission for TR also decrease. When 
temperature is higher than LCST, PNIPAM chains become hydrophobic and collapse, 
resulting in a smaller distance between QDs and TR. According to the FRET theory, a 
smaller distance between donor and acceptor units will induce a higher FRET efficiency. 
For the QDs-PNIPAM-TR nanohybrid material, when temperature is above LCST, the 
shorter distance between QDs and TR will result in higher FRET efficiency, and hence the 
PL intensity of TR should increase. However, this was not observed for the nanohybrid 
prepared here. The PL intensity of TR for a mixture of QDs and PNIPAM-TR showed 
limited change upon temperature increase from 25 °C to 45 °C (Figure 4.8).  
The reason for decreased PL of TR in the nanohybrid has to be related to quenching 
effect of PNIPAM on QDs emission, which has been observed in other studies.186,201 
Nonetheless, the ratio of QDs and TR peak intensity (I564/I614) was used to monitor the 
temperature response of this hybrid. Figure 4.7b shows how the ratio changes while 
temperature cycles between 25 °C to 45 °C. The results indicate a nearly reversible change 
of peak intensity ratios even after 5 cycles of temperature change. Thus QDs-PNIPAM-TR  
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Figure 4.8. PL spectra of the mixture of DHLA coated QDs and TR-PNIPAM under 25 °C 
and 45 °C.  
 
hybrid responds to change in temperature and has potential application as a temperature 
sensor. 
To better understand the nanohybrid material upon temperature changes, dynamic 
light scattering (DLS) was used to determine the hydrodynamic diameters (Dh). Figure 4.9 
shows size distribution histograms of DHLA coated QDs and QDs-PNIPAM-TR 
nanohybrid (measured at 25 °C and 45 °C). The DLS results showed that Dh of DHLA 
coated QDs was 7.3±1.9 nm and Dh of QDs-PNIPAM-TR under 25 °C was 17.1±5.1 nm. 
After decoration with the polymer, the hydrodynamic diameter of the nanohybrid increased 
compared to that of QDs alone. The size was consistent with TEM results. The size of  
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Figure 4.9 Size distribution histogram of DHLA coated QDs and QDs-PNIPAM-TR (at 
25 °C and 45 °C) measured by DLS. 
 
nanohybrid determined by DLS are somewhat larger than that measured by TEM, which is 
because nanohybrid in aqueous solution are hydrated and polymer chains are extended 
when temperature is below LCST. When temperature was increased to 45 °C, which was 
above LCST, Dh of QDs-PNIPAM-TR nanohybrid increased to 247±109 nm, indicating the 
formation of aggregates. The aggregates can serve as scattering center, which could cause 
PL intensity decrease of the QDs inside the hybrid and this explains the quenching effect 
of PNIPAM on QDs emission. The aggregation also affect distance between QDs and dye, 
and hence the FRET between them. Although the effect of aggregates on PL was 
complicated, temperature sensing was still achieved by comparing the two PL peak 
intensities and a nearly reversible change was observed. 
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4.5 Conclusion 
In summary, a new strategy is demonstrated to prepare sensors based on QD 
nanoparticles-decorated with stimuli-responsive polymers. Using RAFT polymerization, 
dual-end functionalized polymers were synthesized with precisely controlled molecular 
mass and conjugated to a fluorescent dye as the acceptor and to QD nanoparticles as FRET 
donors. The current methodology is versatile and can be extended to other stimuli 
responsive polymers to tune both the temperature range and potentially the external 
stimulus for other QD based sensors. 
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CHAPTER V 
TUNING ENERGY LEVELS OF LOW BANDGAP SEMI-RANDOM TWO 
ACCEPTOR COPOLYMERS 
Portions of this work have been published previously as 
Jinjun Zhou, Sibai Xie, Emily F Amond, Matthew L. Becker 
Macromolecules, 2013, 46, 3391-3394. 
5.1 Outline 
A series of low bandgap semi-random copolymers incorporating various ratios of 
two acceptor units: thienothiadiazole and benzothiadiazole was synthesized by Pd-
catalyzed Stille-coupling. The polymer films exhibited broad and intense absorption 
spectra, covering the spectral range from 350 nm up to 1240 nm. The optical bandgaps and 
highest occupied molecular orbital (HOMO) levels of the polymers were calculated from 
ultraviolet-visible spectroscopy and cyclic voltammetry measurements, respectively. By 
changing the ratio of the two acceptor monomers, the HOMO levels of the polymers were 
tuned from -4.42 eV to -5.28 eV and the optical bandgaps were varied from 1.00 eV to 1.14 
eV. The results indicated that our approach could be applied to the design and preparation 
of conjugated polymers with specifically desired energy levels and bandgaps for 
photovoltaic applications. 
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5.2 Introduction 
Conjugated polymers (CPs) are promising materials for applications in sensors, 
field-effective transistors, organic light-emitting diodes, and organic photovoltaics (OPVs) 
due to their cost-effective solution processability.209-211 Devices based on CPs can be easily 
fabricated into light weight and flexible panels with large areas.212 The power conversion 
efficiency (PCE) of OPVs has recently reached 12%.213 Devices with PCE that reach 
efficiencies of 15% are expected to compete with silicon-based solar cells in the next 
decade.209,214 New CPs that collect as much sunlight as possible are needed to meet the 
fundamental requirement for the photovoltaic energy conversion.215 
The efficiency of a polymer solar cell is proportional to the short-circuit current 
density (Jsc), the open-circuit voltage (Voc), and the fill factor (FF). These variables require 
optimization to reach maximum efficiency.214,216,217 The Jsc is related to the product of the 
breadth and intensity with which polymers absorb the solar spectrum, where broader and 
more intense absorption theoretically leads to a larger Jsc.
214,218 Optimizations require the 
design and synthesis of low band gap CPs extending the absorption further into red and 
near-infrared (NIR) spectral regions. An effective device requires CPs to have a low highest 
occupied molecular orbital (HOMO) to help increase the Voc and a high lowest unoccupied 
molecular orbital (LUMO) for efficient charge dissociation in the CP/PCBM bulk 
heterojuction device.215 It is clear that achieving specific HOMO and LUMO energy levels 
with precision and controlling the bandgaps are essential for effective material 
development.215,219-223 
Introducing donor (D) and acceptor (A) monomers together in the polymer 
backbone is a promising strategy to obtain CPs with low bandgaps that absorb light in the 
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red to NIR spectral regions.215,218,224-231 The D-A copolymer is also employed to rationally 
tune the HOMO level, LUMO level, crystallinity and charge mobility of the CPs by 
changing the chemical structures of the donor and acceptor units. Recently, a series of D-
A random copolymers incorporating donor or acceptor units randomly distributed in the 
backbone has been reported.214,232-242 These polymers showed compositional dependent 
energy levels, solubility, charge mobility and crystallinity. These characteristics are all 
useful in photovoltaic applications. Copolymers incorporating two acceptor units are of 
particular interest: the properties could be manipulated by changing the structure and 
composition of each acceptor. In this contribution, we report a series of semi-random 
copolymers containing different ratios of two strong acceptors, benzothiadiazole and 
thienothiadiazole , which have been utilized to prepare D-A low bandgap CPs.226,227,243-248 
By systematically changing the composition of the two acceptors, each with different 
electron-accepting abilities, the energy levels and bandgaps can be tuned stoichiometrically, 
thus offering a new class of CPs with bandgaps as low as 1.0 eV. 
 
5.3 Experimental section 
The experimental section describes the materials, methods and synthetic procedures 
for the chemical compounds. 
 
5.3.1 Materials and methods 
5,7-Bis(4-decanyl-2-thienyl)thieno[3,4-b]thiadiazole (TTD) and 4,7-Bis[4-(2-
ethyhexyl)-2-thienyl]-2,1,3-benzothiadiazole (TBT) were synthesized by the reported 
procedures.227,246,247 N,N-diethyl-(2-phenyldiazenyl)thio-formamide was prepared by 
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reported procedures.249,250 Nuclear magnetic resonance (NMR) spectra were carried out in 
CDCl3 and recorded at either 500 MHz or 300 MHz (
1H NMR) and 125 MHz or 75 MHz 
(13C NMR) as noted. 1H NMR spectra were internally referenced to the residual protonated 
solvent peak, and the 13C NMR were referenced to the central carbon peak of the solvent. 
In all spectra, chemical shifts are given in δ relative to the solvent and coupling constants 
are reported in hertz (Hz). Gel permeation chromatography (GPC) measurements were 
performed on Waters GPCV 2000 at 150 °C using 1,2,4-trichlorobenzene as the eluent 
(calibration was based on polyethylene standards) or TOSOH EcoSEC HLC-8320 GPC, 
with two TSK-GEL Super H 3000 columns and one TSK-GEL Super H 4000 column in 
series, using CHCl3 as the mobile phase (calibration was based on polystyrene standards). 
Thermogravimetric analysis measurements were performed over a range of 25 °C to 600 °C 
at a heating rate of 10 °C/min in a N2 atmosphere. ESI MS was performed on a Waters 
Synapt HDMS quadrupole/time-of-flight (Q/ToF) instrument. 
Cyclic voltammetry was completed on a BAS C3-Voltammetry Cell Stand with an 
Epsilon potentiostat at room temperature. A standard three electrode cell based on a glassy 
carbon working electrode, a Ag/AgCl reference electrode (calibrated vs. Fc/Fc+ which is 
taken as -4.8 eV below vacuum level) and a Pt wire counter electrode was purged with 
nitrogen and maintained under nitrogen atmosphere during all measurements. 
Tetrabutylammonium hexafluorophosphate (0.1 M) in anhydrous acetonitrile was used as 
the supporting electrolyte. Polymer films were made by dropping 10 µL of 1 mg/mL 
polymer solution in o-dichlorobenzene onto the electrode surface and dried under argon 
prior to measurement. 
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For thin film measurements polymers in o-dichlorobenzene (ODCB) solutions (20 
mg/mL) were spun cast onto pre-cleaned quartz slides. The thickness of the thin films was 
obtained using M-2000 Elipsometer (J. A. Woollam Co., Inc., Lincoln, NE). UV-vis 
absorption spectra were obtained on a Perkin-Elmer Lambda 950 spectrometer.  
 
5.3.2 Synthetic procedures 
 
Scheme 5.1. Synthesis of 2,5-dibromo-3,4-dinitrothiophene (M5.1). 
 
2,5-Dibromo-3,4-dinitrothiophene (M5.1). Concentrated sulfuric acid (16 mL), 
fuming sulfuric acid (24 mL), and fuming nitric acid (13 mL) were combined in a 250 mL 
flask and cooled with an ice bath. 2,5-Dibromothiophene (4 mL, 35.4 mmol) was added 
dropwise before the reaction mixture was stirred at room temperature for 3 hours. The 
reaction mixture was then slowly poured over 150 g of ice. The solid residue was filtered 
and recrystallized with hot methanol to give the title compound as yellow solid (6.04g, 
51.4%). 13C NMR (125 MHz, CDCl3): δC (ppm) = 140.7, 113.4. IR (KBr disk): 1541, 1499, 
1454, 1405, 1387, 1346, 1314, 1084, 937, 899, 802, 750, 735 cm-1. 
 
 
Scheme 5.2. Synthesis of 2-tributylstannyl-4-decylthiophene (M5.3). 
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3-Decylthiophene (M5.2). To a stirred mixture of Mg (0.99 g, 40.5 mmol) in 80 mL 
of anhydrous THF under argon, 1-bromodecane (8.34 mL, 40.2 mmol) was added dropwise. 
The reaction mixture was stirred under room temperature for 2 hours. The temperature was 
lowered to 0 °C using an ice bath. [1,3-Bis(diphenylphosphino)propane]dichloronickel(II) 
(Ni(dppp)2Cl2, 0.325g, 0.6 mmol) was then added quickly to the mixture. 3-
Bromothiophene (2.81 mL, 30 mmol) was added dropwise and the reaction was warmed 
to room temperature, stirred overnight and quenched with 1 M HCl (40 mL). The layers 
were separated and the aqueous layer was extracted with ether (3 × 80 mL). The combined 
organic layers were washed with H2O (3 × 250 mL), brine (250 mL), dried over anhydrous 
Na2SO4 and the solvent was removed in vacuo. The crude oil was purified by column 
chromatography on silica with hexanes as the eluent to afford a clear oil (6.62g, 98%). 1H 
NMR (300 MHz, CDCl3): δH (ppm) = 0.90 (t, J = 6.74 Hz, 3H), 1.20 - 1.40 (m, 14H), 1.56 
- 1.69 (m, 2H), 2.63 (t, J = 7.61 Hz, 2H), 6.91 - 6.97 (m, 2H), 7.25 (dd, J = 4.98, 2.93 Hz, 
1H). 13C NMR (125 MHz, CDCl3): δC (ppm) = 143.25, 128.26, 124.98, 119.71, 31.90, 
30.56, 30.28, 29.61, 29.59, 29.46, 29.34, 29.32, 22.67, 14.09. 
2-Tributylstannyl-4-decylthiophene (M5.3). To a flame dried 250 mL 3-neck flask, 
M5.2 (5 mL, 20.32 mmol) was added under argon. After addition of anhydrous THF (60 
mL) via cannula, the temperature was lowered to -78 °C and the mixture was stirred for 10 
min. n-Butyllithium (8.94 mL, 2.5 M hexanes, 22.35 mmol) was added dropwise over 
course of 30 min. The mixture was stirred under argon at -78 °C for 3 hours. Tributyltin 
chloride (6.06 mL, 22.35 mmol) was added in one portion. After 1 hour of stirring at -78 °C, 
the reaction mixture was warmed to room temperature and left to stir overnight. The 
reaction mixture was quenched with saturated NaHCO3 solution (60 mL) and extracted 
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with hexane (3 × 80 mL). The combined organic layers were washed with H2O (3 × 250 
mL), brine (250 mL), dried over Na2SO4 and the solvent was removed in vacuo. A light 
yellow liquid was obtained upon solvent removal (11.7 g, 89% yield calculated from 1H 
NMR). Product was used without further purification. 1H NMR (300 MHz, CDCl3): δH 
(ppm) = 0.86 – 0.96 (m, 12H), 1.02 - 1.22 (m, 6H), 1.24 - 1.40 (m, 20H), 1.52 - 1.67 (m, 
8H), 2.66 (t, J = 7.71 Hz, 2H), 6.98 (s, 1H), 7.20 (s, 1H). 
 
 
Scheme 5.3. Synthesis of 5,7-bis(4-decanyl-2-thienyl)thieno[3,4-b]thiadiazole (M5.6). 
 
2,5-Bis(3-decylthiophene-5-yl)-3,4-dinitrothiophene (M5.4). M5.1 (2.48 g, 7.47 
mmol), M5.3 (18.09 mmol), (Ph3P)2PdCl2 (253 mg, 0.36 mmol), and CuI (194 mg, 1.02 
mmol) were dissolved in anhydrous 1,4-dioxane (125 mL) under argon and refluxed 
overnight. The solvent was evaporated in vacuum and a crude product was purified by 
column chromatography on silica gel in hexane/ethyl acetate (10:1 by vol.). The crude 
product was recrystallized by ethanol to give a yellow solid as product (4.11 g, 89%). 1H 
NMR (300 MHz, CDCl3): δH (ppm) = 0.89 (t, J = 6.59 Hz, 6H), 1.20 - 1.42 (m, 28H), 1.57 
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- 1.72 (m, 4H), 2.63 (t, J = 7.61 Hz, 4H), 7.16 - 7.23 (m, 2H) 7.37 (d, J = 1.46 Hz, 2H). 13C 
NMR (125 MHz, CDCl3): δC (ppm) = 144.94, 135.57, 133.93, 132.24, 127.78, 125.98, 
31.87, 30.32, 30.27, 29.57, 29.54, 29.37, 29.29, 29.19, 22.66, 14.08. 
2,5-Bis(3-decylthiophene-5-yl)-3,4-diaminothiophene (M5.5). To a mixture of 
M5.4 (2 g, 3.23 mmol) in EtOH (40 mL) and 35% HCl (40 mL), SnCl2 (21.5 g, 113.1 mmol, 
dissolved in 40 mL EtOH) was added in portions. The mixture was stirred under room 
temperature for 3 days and then poured into a cold 20 wt % NaOH solution to make the 
mixture basic (pH ca. 10). CHCl3 (150 mL) was added and the solution was stirred 
vigorously. The solution was filtered through celite and extracted with CHCl3. The 
combined organic layers were dried with Na2SO4 and the solvent was removed in vacuo to 
afford a yellow solid as product (1.62 g, 90%). The crude diamines were immediately used 
in the next reaction step. 1H NMR (300 MHz, CDCl3): δH (ppm) = 0.89 (t, J = 6.59 Hz, 
6H), 1.24 - 1.44 (m, 28H), 1.58 - 1.70 (m, 4H), 2.60 (t, J = 7.61 Hz, 4H), 3.74 (s, br, 4H), 
6.85 (d, J = 1.17 Hz, 2H), 6.93 (d, J = 1.46 Hz, 2H). 
5,7-Bis(4-decanyl-2-thienyl)thieno[3,4-b]thiadiazole (M5.6). Diamine M5.5 (1.62 
g, 2.90 mmol) was dissolved in pyridine (20 mL) under argon, N-thionylaniline (1.47 mL, 
13.00 mmol) was added after the solution was warmed to 80 °C. After 5 min, 
chlorotrimethylsilane (4.42 mL, 34.82 mmol) was added, and the mixture was stirred under 
argon for 2 hours and then room temperature overnight. The mixture was poured into 100 
mL CHCl3 and washed with 1 M HCl (3 × 120 mL). The combined organic layers were 
washed with H2O (3 × 350 mL), brine (350 mL), dried over Na2SO4 and the solvent was 
removed in vacuo. Purification with column chromatography on silica gel in 
hexane/dichloromethane (11:1 by vol.) afforded a dark blue solid (1.48 g, 87%). 1H NMR 
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(300 MHz, CDCl3): δH (ppm) = 0.89 (t, J = 6.74 Hz, 6H), 1.19 - 1.46 (m, 28H), 1.68 (quin, 
J = 7.39 Hz, 4H), 2.64 (t, J = 7.61 Hz, 4H), 6.91 (d, J = 1.17 Hz, 2H), 7.42 (d, J = 1.17 Hz, 
2H). 13C NMR (75 MHz, CDCl3): δC (ppm) = 156.16, 144.62, 134.63, 125.62, 120.20, 
112.45, 31.89, 30.45, 30.39, 29.61, 29.58, 29.45, 29.32, 22.67, 14.08. ESI-MS: Mcalcd. = 
586.25, Mfound = 586.0. 
 
 
Scheme 5.4. Synthesis of 5,7-bis(5-bromo-4-decanyl-2-thienyl)thieno[3,4-b]thiadiazole 
(TTD). 
 
5,7-Bis(5-bromo-4-decanyl-2-thienyl)thieno[3,4-b]thiadiazole (TTD). M5.6 
(0.645 g, 1.1 mmol) was dissolved in pyridine (20 mL) under argon, and N-
bromosuccinimide (NBS) (0.411 g, 2.34 mmol) was added in the absence of light in several 
portions over 30 min. The reaction mixture was stirred for another 30 min, pyridine was 
evaporated in vacuo, and a dark blue solid (0.69 g, 84%) was obtained from column 
chromatography on silica gel in hexane/dichloromethane (11:1 by vol.). 1H NMR (300 
MHz, CDCl3): δH (ppm) = 0.89 (t, J = 6.73 Hz, 6H), 1.24 - 1.44 (m, 28H), 1.54 - 1.71 (m, 
4H), 2.57 (t, J = 7.61, 4H), 7.17 (s, 2H). 13C NMR (125 MHz, CDCl3): δC (ppm) = 156.04, 
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143.42, 134.33, 124.65, 111.58, 109.79, 31.92, 29.66, 29.63, 29.60, 29.54, 29.42, 29.35, 
29.28, 22.70, 14.14. ESI-MS: Mcalcd. = 742.08, Mfound = 741.9. 
 
 
Scheme 5.5. Synthesis of 2-tributylstannyl-4-(2-ethylhexyl)thiophene (M5.8). 
 
3-(2-Ethylhexyl)thiophene (M5.7). To a flame dried 500 mL 3-neck flask, 2-
ethylhexyl)magnesium bromide (64 mL, 64 mmol, 1 M in diethyl ether) and anhydrous 
THF (150 mL) were added. Ni(dppp)2Cl2 (649 mg, 1.28 mmol) was added at 0 °C followed 
by a dropwise addition of 3-bromothiophene (5.0 mL, 53 mmol). The mixture was allowed 
to warm up to room temperature and stirred overnight under argon. After quenching with 
1M HCl (100 mL), the layers were separated and the aqueous layer was extracted with 
ether (3 × 120 mL). The combined organic layers were washed with H2O (3 × 400 mL), 
brine (400 mL), dried over Na2SO4 and the solvent was removed in vacuo. The crude oil 
was purified by column chromatography on silica with hexanes as the eluent to afford a 
clear oil as the product (8.5 g, 68%). 1H NMR (500 MHz, CDCl3): δH (ppm) = 0.89 - 0.99 
(m, 6H), 1.28 - 1.41 (m, 8H) 1.62 (dt, J = 12.41, 6.14 Hz, 1H), 2.63 (d, J = 7.09 Hz, 2H), 
6.92 - 6.97 (m, 2H), 7.24 - 7.28 (m, 1H). 13C NMR (125 MHz, CDCl3): δC (ppm) = 141.89, 
128.79, 124.80, 120.66, 40.48, 34.36, 32.60, 28.98, 25.72, 23.09, 14.15, 10.89. 
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2-Tributylstannyl-4-(2-ethylhexyl)thiophene (M5.8). To a flame dried 250 mL 3-
neck flask M5.7 (2.13 g, 10.85 mmol) was added under argon. After addition of anhydrous 
THF (45 mL) via cannula, the temperature was lowered to -78 °C and the mixture was 
stirred for 10 min. n-Butyllithium (4.81 mL, 2.5 M hexanes, 12.03 mmol) was added 
dropwise over a course of 30 min. The mixture was allowed to stir under argon at -78 °C 
for 3 hours. Tributyltin chloride (3.3 mL, 12.03 mmol) was added in one portion. After 1 
hour of stirring at -78 °C, the reaction mixture was warmed to room temperature and left 
to stir overnight. The reaction mixture was quenched with saturated NaHCO3 solution (60 
mL) and extracted with hexane (3 × 60 mL). The combined organic layers were washed 
with H2O (3 × 200 mL), brine (200 mL), dried over Na2SO4 and the solvent was removed 
in vacuo. A brown liquid was obtained upon solvent removal (5.9 g, 90% yield calculated 
from 1H NMR). Product was used without further purification. 1H NMR (500 MHz, CDCl3): 
δH (ppm) = 0.80 - 0.98 (m, 15H), 1.03 - 1.17 (m, 6H), 1.21 - 1.41 (m, 14H), 1.48 - 1.69 (m, 
7H), 2.61 (d, J = 6.85 Hz, 2H), 6.94 (s, 1H), 7.17 (s, 1H). 
 
 
Scheme 5.6. Synthesis of 4,7-bis[5-bromo-4-(2-ethyhexyl)-2-thienyl]-2,1,3-
benzothiadiazole (TBT). 
 
4,7-Bis[4-(2-ethyhexyl)-2-thienyl]-2,1,3-benzothiadiazole (M5.9). M5.8 (7.2 
mmol), 4,7-dibromobenzo[c]-1,2,5-thiadiazole (881.9 mg, 3.0 mmol), and (Ph3P)2PdCl2 
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(63.2 mg, 0.09 mmol) were dissolved in anhydrous THF (60 mL) under argon and refluxed 
overnight. The solvent was evaporated under vacuum; and the crude product was purified 
by column chromatography on silica gel in hexane/dichloromethane (50:3 by vol.). The 
crude product was recrystallized with ethanol to give an orange solid as the product (1.77 
g, 91%). 1H NMR (500 MHz, CDCl3): δH (ppm) = 0.89 - 0.97 (m, 12H), 1.28 - 1.44 (m, 
16H), 1.63 - 1.71 (m, 2H), 2.65 (d, J = 6.85 Hz, 4H), 7.01 - 7.04 (m, 2H), 7.83 (s, 2H), 7.96 
(d, J = 1.22 Hz, 2H). 13C NMR (125 MHz, CDCl3): δC (ppm) = 152.65, 143.03, 138.81, 
129.47, 126.03, 125.46, 122.42, 40.34, 34.71, 32.54, 28.92, 25.69, 23.07, 14.14, 10.87. 
ESI-MS: Mcalcd. = 524.24, Mfound = 524.2. 
4,7-Bis[5-bromo-4-(2-ethyhexyl)-2-thienyl]-2,1,3-benzothiadiazole (TBT). M5.9 
(1.43 g, 2.73 mmol) was dissolved in anhydrous THF (40 mL) under argon, and N-
bromosuccinimide (NBS) (1.02 g, 5.74 mmol) was added in several portions at 0 °C over 
a period of 30 min in the absence of light. The mixture was stirred for 30 min, then warmed 
up to room temperature and stirred overnight. Saturated ammonium chloride solution (80 
mL) was added, the mixture was stirred, extracted with ethyl acetate (3 × 100 mL), washed 
with H2O (3 × 300 mL), brine (300 mL), and dried over Na2SO4. A brown solid (1.71 g, 
92%) was obtained by column chromatography on silica gel in hexane. 1H NMR (500 MHz, 
CDCl3): δH (ppm) = 0.89 - 0.98 (m, 12H), 1.29 - 1.44 (m, 16H), 1.72 (dt, J = 12.29, 6.21 
Hz, 2H), 2.58 (d, J = 7.34 Hz, 4H), 7.70 (s, 2H), 7.73 (s, 2H). 13C NMR (125 MHz, CDCl3): 
δC (ppm) = 152.19, 142.22, 138.30, 128.58, 125.25, 124.75, 112.25, 40.01, 33.92, 32.53, 
28.80, 25.75, 23.08, 14.13, 10.87. ESI-MS: Mcalcd. = 680.06, Mfound = 680.1. 
Representative procedure for Stille-coupling polymerization: Polymerization of 
TTD and TBT with a mole ratio of 1:1 to afford polymer PTTDTBT5050. A 50 mL 
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Schlenk tube was heated under reduced pressure and then cooled to room temperature 
under argon. In this tube, TTD (122.5 mg, 0.165 mmol), TBT (112.6 mg, 0.165 mmol) and 
2,5-bis(tri-n-butyltin)thiophene (218.1 mg, 0.329 mmol) were dissolved in dry 
chlorobenzene (7 mL). The mixture was again degassed (argon) for at least 30 min. A 
catalytic amount of Pd(PPh3)4 (15.2 mg, 0.0132 mmol) was then added to the reaction 
mixture under argon and degassed and filled with argon three times. The reaction mixture 
was stirred vigorously at 120 °C for 24 hours under argon. After cooling to room 
temperature, the polymerization mixture was poured into 200 mL methanol and 5 mL 
hydrochloric acid solution, and the resulting mixture was stirred for 5 hours. The polymer 
precipitated out as a dark solid and was filtered using filter paper. The polymer was purified 
by Soxhlet extraction with methanol (24 h) and hexane (24 h). The final polymer was dried 
under vacuum for at least 24 h and then subjected to the required analysis, yielding 183 mg 
(87%) of a black solid. 1H NMR (500 MHz, CDCl3): δH (ppm) = 0.92 (s, br, 18H), 1.11 – 
1.52 (m, 44H), 1.58 – 1.84 (m, 6H), 2.50 – 2.91 (m, 8H), 7.01 – 8.03 (m, 10H). 
 
5.3.3 Estimation of TTD to TBT ratios in the copolymers 
The ratios of the TTD unit to the TBT unit in the copolymers were estimated based 
on the absorption spectra of the copolymer solutions in ODCB. The estimation was based 
on the assumption that the absorption coefficients of the two intramolecular charge transfer 
(ICT) bands were the same for the copolymers and the homopolymers. The absorption 
spectra were fitted, and absorbance of the ICT band was used to calculate the concentration 
of the respective monomer unit in the copolymer solution based on the Beer-Lambert law. 
The ratios of the two monomer units were then calculated from the concentrations of the 
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monomer units. NOTE: this is only a crude method to estimate the monomer ratios in the 
copolymers; calculations based on NMR spectra would be more accurate.211 This method 
is not used here because we cannot differentiate the peaks of the two monomer units from 
1H NMR spectra of the copolymers due to mixed peaks.  
 
5.4 Results and discussion 
In this section, the synthesis of polymers, optical properties and electrochemical 
properties are described. 
 
5.4.1 Polymer synthesis 
Copolymerization of 5,7-bis(5-bromo-4-decanyl-2-thienyl)thieno[3,4-b]thia-
diazole (TTD), 4,7-bis[5-bromo-4-(2-ethyhexyl)-2-thienyl]-2,1,3-benzothiadiazole (TBT) 
and 2,5-bis(tri-n-butyltin)thiophene in chlorobenzene at 120 °C with Pd(PPh3)4 as the 
catalyst yielded the desired polymers, as illustrated in Scheme 5.7. All the polymers 
showed good solubility at room temperature in organic solvents such as chloroform, 
chlorobenzene and o-dichlorobenzene (ODCB). The comonomer feed ratios were 85:15, 
70:30, 50:50, 30:70 and 15:85; the corresponding polymers were named as 
PTTDTBT8515, PTTDTBT7030, PTTDTBT5050, PTTDTBT3070 and PTTDTBT-
1585, respectively. Polymers containing only one acceptor unit were also synthesized for 
comparison and these were named as PTTD and PTBT. Table 5.1 summarizes the 
polymerization results including molecular mass, molecular mass distribution (PDI), 
thermal stability and estimated compositions of the copolymers. The polymers containing 
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Scheme 5.7. Synthesis and structures of the copolymers with different compositions of 
TTD and TBT. 
 
Table 5.1. Polymerization results and thermal properties of polymers 
Polymer 
Mn
a 
(kDa) 
Mw
b 
(kDa) 
PDIc 
Td
d 
(°C) 
Ratio in the 
polymere 
PTTD 1.6 4.0 2.4 305 100:0 
PTTDTBT8515 6.4 16.3 2.5 269 92:8 
PTTDTBT7030 3.2 12.1 3.7 314 79:21 
PTTDTBT5050 3.7 14.2 3.8 350 56:44 
PTTDTBT3070 5.0 17.0 3.4 369 32:68 
PTTDTBT1585 9.3 24.3 2.6 360 13:87 
PTBT 13.2 18.6 1.4 417 0:100 
a Number-average molecular mass. b Weight-average molecular mass. c Mw/Mn. 
d 
Decomposition temperature (5% weight loss) determined by thermal gravimetric analysis 
(TGA) under N2. 
e The ratio of TTD:TBT in the polymer was estimated from the 
absorption spectra. 
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two acceptor units have relatively low molecular masses (Mn); this could probably be 
increased further by optimization of the polymerization conditions such as monomer 
concentration in solution, reaction time, catalyst, and temperature.231 The polymers had 
good thermal stability with an increasing decomposition temperature (5% weight loss) 
when the TBT content increased. 
 
5.4.2 Optical properties 
The UV-vis-NIR absorption spectra of the copolymers in thin film formats are 
shown in Figure 5.1.  PTTD, in which only thienothiadiazole was incorporated as the 
acceptor unit, displayed two absorption bands: the first one at 358-620 nm, which was 
assigned to localized π-π* transitions, and the second broader band at 620-1240 nm, in the 
long wavelength region, corresponded to the intramolecular charge transfer (ICT) between 
D-A-D charge transfer states.227 By incorporating benzothiadiazole as the only acceptor 
unit, PTBT exhibited localized π-π* transitions at 350-445 nm, while the absorption band 
resulting from ICT was between 445 nm and 675 nm. It has been shown that 4,6-di(2-
thienyl)thieno[3,4-c][1,2,5]thiadiazole has a coplanar structure which generally leads to 
better π electron delocalization in conjugated polymers and hence lower bandgaps between 
the HOMO and LUMO levels.251 As illustrated in Figure 5.1, PTTD has an absorption that 
extends to the NIR region with an optical bandgap as low as 1.00 eV, while PTBT has an 
optical bandgap of 1.84 eV.  The optical bandgap was calculated from the onset 
wavelength of absorption by Eg
opt = 1240 nm/λonset, where Egopt is the optical bandgap and 
λonset is the onset wavelength of absorption. It is clear that the D-A polymer with a structure 
containing TTD as the acceptor units has a longer conjugation length and better π electron 
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delocalization and hence a lower bandgap than the D-A polymer containing TBT as the 
acceptor unit. 
 
 
Figure 5.1. UV-vis absorption spectra of polymers in thin films. 
 
By introducing these two acceptor units into one D-A conjugated polymer and 
systematically changing the ratios of the two components from 85:15 to 15:85, we were 
able to tune the absorption properties and bandgaps of the resulting copolymers. As shown 
in Figure 5.1, all of the polymers contain two absorption bands that correspond to the two 
different ICT states originating from the two individual acceptor units. The absorption band 
at 440-680 nm was attributed to the ICT of the TBT containing D-A structure, while the 
absorption band around 680-1240 nm comes from the ICT of the TTD containing D-A 
structure. The relative intensity of the absorption band increased as the content of the 
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corresponding acceptor unit increased. As two different acceptor units with different 
electron-accepting abilities are incorporated in the polymer, by systematically changing the 
composition of the acceptor units, the relative planarity and π electron delocalization of the 
resulting polymer can be tuned. As a result, the bandgaps and the energy levels can be 
controlled. Figure 5.1 shows that the absorption onset wavelength of the CPs changed from 
1237 nm to 1091 nm as the ratio of TTD to TBT changed from 85:15 to 15:85. This 
variation resulted in a bandgap change from 1.00 eV to 1.14 eV (Table 5.2). A lower 
bandgap is obtained when the TTD acceptor unit has a higher mole fraction in the polymer, 
since increased TTD leads to a structure with higher planarity and π electron delocalization. 
As has been reported, a main weakness of the D-A copolymers is the frequently 
observed red-shifting of the absorption profile to the long wavelength region instead of a 
true broadening across both the visible and NIR regions. This redshift could hinder the 
desired increase in Jsc and ultimately the efficiency. 
235,252 Interestingly, the copolymers 
reported here have relatively strong absorption in the entire visible to NIR region when the 
TTD to TBT ratios are between 70:30 and 50:50 (Figure 5.1). The absorption profile comes 
from two complementary ICT absorption bands generated by the two different acceptor 
units in the copolymers. Furthermore, the specific composition results in a balanced 
absorption of those bands. This unique feature of absorption may lead to better 
performance of the polymers in photovoltaic applications. 
 
5.4.3 Electrochemical properties 
The electrochemical properties of the copolymers were investigated by using cyclic 
voltammetry (CV) to determine the energy levels of the HOMO and the LUMO. 
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Tetrabutylamonium perchlorate (Bu4NClO4) in acetonitrile (0.1 M) was used as the 
electrolyte system. The HOMO level of each polymer was calculated from the onset of 
electrochemical oxidation (Figure 5.2). The Ag/AgCl reference electrode was calibrated 
by ferrocene. By assuming the energy level of ferrocene/ferrocenium (Fc/Fc+) to be -4.8 
eV below vacuum level, the HOMO level of polymer was determined by EHOMO = -(4.4 + 
Eox, onset) (eV).
252 The LUMO levels were estimated as ELUMO = EHOMO + Eg
opt, where Eg
opt 
is the optical bandgap (Table 5.2).211 The HOMO level positions were -4.42, -4.42, -4.77, 
-5.05 and -5.28 eV for the polymers as the ratio of TTD to TBT changed from 85:15 to 
15:85 (Table 5.2). The HOMO level decreased (860 meV range) and the Eg
opt increased 
 
 
Figure 5.2. Oxidation scans of cyclic voltammograms of polymer thin films in 0.1 M 
Bu4NClO4 solution in acetonitrile at a scan rate of 100 mV/s. 
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Table 5.2. Optical and electrochemical properties of polymers 
Polymers 
Eox, onset
a 
(V) 
EHOMO
b 
(eV) 
ELUMO
c 
(eV) 
λonsetd (nm) Egopt e (eV) 
PTTD 0.05 -4.45 -3.47 1266 0.98 
PTTDTBT8515 -0.02 -4.42 -3.42 1237 1.00 
PTTDTBT7030 -0.02 -4.42 -3.39 1199 1.03 
PTTDTBT5050 0.37 -4.77 -3.69 1145 1.08 
PTTDTBT3070 0.65 -5.05 -3.93 1106 1.12 
PTTDTBT1585 0.88 -5.28 -4.14 1091 1.14 
PTBT 0.87 -5.27 -3.72 800 1.55 
a Onset potential of oxidation scan (vs. Ag/AgCl). b EHOMO = -(4.4 + Eox, onset) (eV). 
c ELUMO 
= EHOMO + Eg
opt. d Onset of absorption of thin films. e Eg
opt = 1240nm/λonset 
 
(140 meV range) almost monotonically with increasing TBT content in the copolymers. 
These results further demonstrated the ability of tuning the energy levels and bandgaps of 
this type of copolymers. 
 
5.5 Conclusion 
In conclusion, we have synthesized a family of low bandgap D-A copolymers 
containing two different acceptor units (TTD and TBT) with well-defined compositions. 
The copolymer with a specific composition (TTD to TBT ratios between 70:30 and 50:50) 
has a relatively strong absorption covering the entire visible to NIR region. As illustrated 
above, systematically changing the ratio of the two acceptors affords the ability to designate 
the HOMO/LUMO levels and bandgaps of the copolymers. The integration of these 
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polymers into organic photovoltaic devices and the application of this approach to other D-
A systems are currently underway. 
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CHAPTER VI 
ADHESION PROPERTIES OF BIODEGRADABLE AMINO ACID-BASED 
POLY(ESTER UREA) COPOLYMERS INSPIRED BY MUSSEL ADHESIVE 
PROTEINS 
Portions of this work have been published previously as 
Jinjun Zhou, Adrian P. Defante, Fei Lin, Ying Xu, Jiayi Yu, Yaohua Gao, Erin Childers, 
Ali Dhinojwala, Matthew L. Becker 
Biomacromolecules, 2015, 16, 266-274 
6.1 Outline 
Amino acid-based poly(ester urea) (PEU) copolymers functionalized with pendant 
catechol groups that address the need for strongly adhesive yet degradable biomaterials 
have been developed. Lap-shear tests with aluminum adherends demonstrated that these 
polymers have lap-shear adhesion strengths of near 1 MPa. An increase in lap-shear 
adhesive strength to 2.4 MPa was achieved upon the addition of an oxidative cross-linker. 
The adhesive strength of adhesive PEU on porcine skin adherends was comparable with 
that of commercial fibrin glue. Interfacial energies of the polymeric materials were 
investigated via contact angle measurements and Johnson-Kendall-Roberts (JKR) 
technique. The JKR work of adhesion was consistent with contact angle measurements. 
The chemical and physical properties of PEUs can be controlled using different diols and
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amino acids, creating a versatile platform of biological glues that can be developed for a 
variety of clinical applications. 
 
6.2 Introduction 
Marine organisms, such as mussels, provide examples of strong adhesive systems 
that have not been mimicked well by human technology. Barnacles and marine mussels are 
able to affix themselves to virtually all types of surfaces, including metals, rocks and even 
polytetrafluoroethylene (PTFE, Teflon).168,253 They are capable of securing themselves 
over a wide temperature range (- 40 to 40 °C), fluctuating salinities, humidity and in the 
strong currents of marine environments.151,254,255 Mussel adhesive proteins have been 
isolated and sequenced. These proteins are rich in the unusual amino acid 3,4-
dihydroxyphenylalanine (DOPA), which is believed to be critical for the formation of 
adhesive surface bonding and cohesive cross-links.136-138,145,147,169,256 The surface adhesion 
could originate from metal chelation,139,140,147,148,257 hydrogen bonding258 or radical-surface 
coupling146-148,257 provided by the catechol moiety in DOPA. Bulk cohesive strength was 
found to be a result of oxidative cross-linking or metal chelation of DOPA.135,146,165,259 
Various types of polymers carrying catechol groups have been prepared to 
investigate the nature of the catechol functional group and to develop adhesives for 
specialty applications. Synthetic polymers incorporating DOPA-like chemistry have been 
explored with polypeptide,150-152 polyacrylate,160,164-167,259-262 poly(ethylene 
glycol),155,263,264 and polystyrene168-173 based systems. Yamamoto synthesized polypeptides 
containing the natural mussel foot protein sequence and investigated the adhesion strength 
with metal adherends.150 Deming and coworkers synthesized water soluble copolypeptides 
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containing DOPA and L-lysine. These materials were found to form moisture-resistant 
adhesive bonds to a variety of substrates.151 Wilker et al. developed a simplified 
polystyrene-based catechol-containing polymer.168 Bulk adhesion was examined using 
low- and high-energy surfaces. They benchmarked the adhesive performance against 
commercial glues as well as the proteins produced by live mussels.169,170 They also 
examined different factors that influence adhesion properties, including molecular mass, 
coexisting side chains, cross-linking agents, cure times, cure temperatures, polymer 
concentrations, and fillers.171-173  
One intriguing application of these synthetic biomimetic materials is to provide the 
next generation of surgical adhesives and orthopedic cements.147 All surgical patients 
require a proper wound closure procedure to enable healing. Though devices such as 
sutures and staples have been used for many years, they are somewhat invasive and there 
are many potential sources of infection and inflammation of the wound area associated 
with these methods.179 Less invasive methods are continually explored in an effort to find 
optimal tissue adhesives.179 Cyanoacrylate based synthetic glues have been used as topical 
skin adhesives because they polymerize rapidly upon contact with water or blood.152,179,265 
However, a limitation of these materials is moisture sensitivity and carcinogenic 
degradation byproducts.152 Another commercially available tissue adhesive is based on 
fibrin. Although this fibrin-based glue is made from human serum and is non-toxic, it is 
limited by poor mechanical strength.152,158,179,266 The ideal tissue adhesive design should 
incorporate simplicity, safety, efficacy, and possess setting times tailored for the specific 
clinical application. For commercial applications they should ideally be inexpensive, 
painless and cosmetic.179 Catechol-functionalized hydrogels have been developed as tissue 
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adhesives and hemostatic materials.157,158,176,267 However, most of these adhesive materials 
lack tunability of elastic modulus and degradation rates for use in specific biomedical 
applications.268  
Poly(ester urea)s (PEUs) have a wide variation in mechanical properties and 
degradation behavior that can be tuned by varying the amino acids and diols used in 
synthesis.269-273 They have also previously been shown to be non-toxic in vitro and in 
vivo.271-273 In this contribution, controlled amounts of catechol groups were introduced onto 
the side chain of PEUs via post-polymerization functionalization chemistry. Scheme 6.1 
shows the structure of PEUs investigated in this work. All polymers were based on 1,8-
octane-L-leucine PEU. Different functional units, L-phenylalanine, L-tyrosine or catechol 
modified L-tyrosine, were introduced to study the influence of functional groups. Physical 
properties and lap-shear adhesion strength were characterized and compared between these 
copolymers with different contents of functional units. Surface energies of these PEUs and 
Johnson-Kendall-Roberts (JKR) work of adhesion were also investigated. Preliminary 
tissue adhesion properties were evaluated by using porcine skin as the adherends. 
 
 
Scheme 6.1. Structure of PEU based bio-mimetic adhesive polymers. 
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6.3 Experimental Section 
The experimental section describes the materials and methods used and synthetic 
procedures for the chemical compounds. 
 
6.3.1 Materials 
1,8-octanediol, L-phenylalanine, L-leucine, N-Boc-O-benzyl-L-tyrosine, 3,4-
dihydroxyhydrocinnamic acid, thionyl chloride, 2,2-dimethoxypropane, triphosgene, 
calcium hydride, p-toluenesulfonic acid monohydrate, trifluoroacetic acid, palladium on 
carbon (10 wt.% loading), triisopropylsilane and tetrabutylammonium periodate 
(Bu4N(IO4)) were purchased from Sigma-Aldrich or Alfa Aesar. N,N'-
diisopropylcarbodiimide (DIC) and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 
hydrochloride (EDC) were obtained from Oakwood Products, Inc. Porcine skins were 
purchased from a local grocery store. Acetonide-protected 3,4-dihydroxyhydrocinnamic 
acid and 4-(dimethyl amino) pyridinium 4-toluenesulfonate (DPTS) were synthesized 
following procedures in the literature and described in detail in the Supporting 
Information.274-277,278 Unless otherwise stated, all solvents used were reagent grade and all 
chemicals were used as received without further purification. 
    Polydimethylsiloxane (PDMS) lenses for JKR measurements were prepared from a 
Sylgard®184 elastomer kit purchased from Dow Corning and used as received. A ratio of 
base to curing agent (10:1 by mass) was mixed with a spatula. The PDMS mixtures were 
degassed under vacuum to remove air bubbles. Lens preparation involved placing 1 to 3 
mg of mixture under water in a polystyrene dish using a blunt tipped syringe needle. 
Elastomeric sheets were prepared by weighing 5.5 grams of elastomer mixture in 
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polystyrene dishes (60 mm × 15 mm). Sheets and lenses were cured simultaneously at 
65 °C for 4 h. After curing, water was removed from the dish and nitrogen gas was used to 
dry the lenses. The lenses and sheet were extracted of unreacted oligomers in a glass petri 
dish with toluene and a piece of filter paper. The solvent and filter paper were changed at 
least three times over seven days. After removing excess toluene, the extracted lenses cured 
under vacuum for an additional 4 h at 65 °C. 
 
6.3.2 General procedures 
1H and 13C NMR spectra were recorded using Varian NMR spectrophotometers 
(300 MHz or 500 MHz). Number-average molecular mass (Mn), weight-average molecular 
mass (Mw), and molecular mass distribution (ĐM) were determined by size exclusion 
chromatography (SEC), and molecular mass values were determined by light scattering. 
SEC analysis was performed on a Waters CHM column heater module equipped with three 
HR-Styragel columns and a triple detector system. THF was used as eluent at a flow rate 
of 1.0 mL/min at 35 °C. Thermogravimetric analysis (TGA) measurements were performed 
over an interval of ambient temperature to 600 °C at a heating rate of 10 °C/min under a 
N2 atmosphere. Differential scanning calorimetry (DSC) was performed on TA Q2000 from 
-50 to 200 °C at a scanning rate of 10 °C/min. 
 
 
Scheme 6.2. Synthesis of 2,2-dimethyl-1,3-benzodioxole-5-propanoic acid (M6.3). 
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Synthesis of methyl 3-(3,4-dihydroxyphenyl)propanoate (M6.1).279 3, 4-
Dihydroxyhydrocinnamic acid (12.5 g, 68.6 mmol) was dissolved in 100 mL anhydrous 
MeOH and cooled with an ice bath. Thionyl chloride (13.0 mL, 171.5 mmol) was added 
dropwise while stirring. The ice bath was removed after 30min and the reaction was stirred 
at r.t. for 24 h. Solvent was removed by rotary evaporation (rotovap). Drying under high 
vacuum produced as a dark blue viscous oil. The oily product became solid after cooling 
in a freezer. 1H NMR (500 MHz, CDCl3): 2.61 (t, J = 7.70 Hz, 2H), 2.83 (t, J = 7.70Hz, 
2H), 3.69 (s, 3H), 5.69 (br. s., 2H), 6.60 (dd, J = 8.07, 1.96 Hz, 1H), 6.71 (d, J = 1.96 Hz, 
1H), 6.77 (d, J = 8.07 Hz, 1H). 13C NMR (125 MHz, CDCl3): 30.25, 35.94, 51.89, 115.43, 
120.51, 133.19, 142.12, 143.66, 174.38. 
Synthesis of 2,2-Dimethyl-1,3-benzodioxole-5-propanoic acid methyl ester (M6.2). 
M6.1 (5.18 g, 26.4 mmol) and 2,2-dimethoxypropane (13 mL, 106 mmol) were added to 
200 mL anhydrous benzene in a 250 mL two-neck round bottom flask. One neck of the 
flask was equipped with Soxhelet extractor and the other neck was sealed with a septum 
for sampling. The thimble in the extractor was filled with granular anhydrous CaCl2 to trap 
MeOH and H2O. The mixture was flushed with argon for 10 min and then heated to reflux 
under N2 for 5 min. p-Toluenesulfonic acid monohydrate (PTSA, 0.25 g, 1.3 mmol) was 
added quickly and the reaction was monitored by a ferric chloride test. The reaction was 
stopped and cooled to room temperature once a negative test was achieved (about 3 hrs). 
The yellow reaction mixture was filtered through a short silica-gel column and washed 
with DCM. The combined filtrate and washings were concentrated via rotovap and purified 
by silica-gel column. The eluent was DCM/hexane (1/50, v/v) followed by EtOAc/hexane 
(1/25, v/v). A yellow oil (5.5 g, 88%) was obtained as the product. 1H NMR (300 MHz, 
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CDCl3): 1.65 (s, 6H), 2.58 (t, J = 7.90 Hz, 2H), 2.85 (t, J = 7.76 Hz, 2H), 3.67 (s, 3H), 6.56 
- 6.67 (m, 3H). 13C NMR (75 MHz, CDCl3): 25.81, 30.71, 36.05, 51.57, 108.01, 108.52, 
117.63, 120.39, 133.60, 145.79, 147.45, 173.31. 
Synthesis of 2,2-Dimethyl-1,3-benzodioxole-5-propanoic acid (M6.3). LiOH 
aqueous solution (0.33 g, 13.9 mmol dissolved in 8 mL H2O) was added to a methanol 
solution of M6.2 (1.64 g, 6.93 mmol dissolved in 8 mL of methanol) in portions. After 
overnight reaction, methanol was removed by rotovap. The pH of the remaining solution 
was adjusted to 5 - 6 by 2 M HCl. The mixture was then extracted with EtOAc three times. 
Combined organic layers were dried with Na2SO4 and evaporated in vacuo to obtain a white 
solid as product (1.30 g, 84%). 1H NMR (500 MHz, CDCl3): 1.65 (s, 6H), 2.55 - 2.63 (m, 
2H), 2.79 - 2.88 (m, 2H), 6.55 - 6.66 (m, 3 H), 9.34 (br. s., 1H). 13C NMR (125 MHz, 
CDCl3): 25.79, 30.72, 36.70, 108.01, 108.53, 117.60, 120.37, 133.61, 145.80, 147.48, 
179.38. 
Synthesis 4-(Dimethy1amino)pyridinium 4-Toluenesulfonate (DPTS).276 Hydrated 
p-toluenesulfonic acid (PTSA, 12.00 g, 63.1 mmol) was dried by azeotropic distillation of 
a toluene solution using a Dean-Stark trap. 4-(Dimethy1amino)pyridinium (8.50 g, 49.4 
mmol) dissolved in hot toluene was added to the above solution at about 60 °C. After 
stirring for 1 hr, the solution was cooled to room temperature, filtered, washed with toluene 
and vacuum dried. After recrystallization with dichloromethane three times, the product 
was obtained as a white crystal (16.03 g, 86%). 1H NMR (500 MHz, DMSO-d6): 2.28 (s, 
3H), 3.17 (s, 6H), 6.97 (d, J = 7.82 Hz, 2H), 7.11 (d, J = 7.83 Hz, 2H), 7.47 - 7.51 (m, 2H), 
8.18 - 8.23 (m, 2H), 13.19 (br. s., 1H). 13C NMR (125 MHz, DMSO-d6): 21.23, 107.43, 
125.95, 128.51, 138.10, 139.57, 146.15, 157.42. 
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Synthesis of Di-p-toluenesulfonic Acid Salt of Bis-L-leucine-octane-1,8-diester 
(M6.4).280 1,8-octanediol (10.00 g, 0.068 mol), L-leucine (20.46 g, 0.156 mol), p-
toluenesulfonic acid monohydrate (31.07 g, 0.163 mol) and toluene (200 mL) were mixed 
in a 500 mL round-bottom flask equipped with a Dean-Stark trap and a magnetic stir bar. 
The system was heated to reflux for 20 h. After the reaction, the mixture was cooled to 
ambient temperature, and the product was filtered and washed with diethyl ether. The solid 
product was recrystallized with water three times to yield 42.9 g (yield 88%) white powder 
as product. 1H NMR (300 MHz, DMSO-d6): 0.89 (d, J = 5.86 Hz, 12H), 1.28 (br. s., 8H), 
1.51-1.65 (m, 8H), 1.66-1.78 (m, 2H), 2.29 (s, 6H), 3.98 (t, J = 7.03 Hz, 2H), 4.07-4.23 (m, 
4H), 7.12 (dd, J = 8.49, 0.59 Hz, 4H), 7.42-7.54 (m, 4H), 8.30 (br. s., 6H). 13C NMR (125 
MHz, DMSO-d6): 21.22, 22.37, 22.58, 24.26, 25.58, 28.32, 28.89, 51.09, 66.06, 125.93, 
128.51, 138.18, 145.94, 170.38. 
Synthesis of Di-p-toluenesulfonic Acid Salt of Bis-L-phenylalanine-octane-1,8-
diester (M6.5). 1,8-octanediol (10.00 g, 0.068 mol), L-phenylalanine (25.79 g, 0.156 mol), 
p-toluenesulfonic acid monohydrate (31.07 g, 0.163 mol) and toluene (200 mL) were 
mixed in a 500 mL round-bottom flask equipped with a Dean-Stark trap and a magnetic 
stir bar. The system was heated to reflux for 20 h. After the reaction mixture was cooled to 
ambient temperature, the product was filtered and washed with diethyl ether. The solid 
product was dissolved in 3 L of hot water and decolored using activated carbon black (2.00 
g) for 2-3 min. After hot filtration and cooling to room temperature, a white solid product 
was obtained by vacuum filtration. The product was then recrystallized with water three 
times to yield 45.9 g (yield 86%) white powder as product. 1H NMR (500 MHz, DMSO-
d6): 1.08-1.22 (m, 8H), 1.37-1.49 (m, 4H), 2.29 (s, 6H), 3.02 (dd, J = 14.06, 7.95 Hz, 2H), 
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3.14 (dd, J = 13.94, 5.87 Hz, 2H), 3.98-4.08 (m, 4H),  4.28 (dd, J = 7.83, 6.11 Hz, 2H), 
7.11 (dd, J = 8.44, 0.61 Hz, 4H), 7.20-7.36 (m, 10H), 7.48 (d, J = 7.83 Hz, 4H), 8.36 (br. 
s., 6H). 13C NMR (125 MHz, DMSO-d6): 21.25, 25.49, 28.20, 28.86, 36.65, 53.83, 65.96, 
125.99, 127.65, 128.65, 128.97, 129.76, 135.18, 138.56, 145.46, 169.47. 
Synthesis of Bis-N-Boc-O-benzyl-L-tyrosine-octane-1,8-diester. 1,8-octanediol 
(1.64 g, 11.2 mmol), N-Boc-O-benzyl-L-tyrosine (10.00 g, 26.9 mmol) and DPTS (0.66 g, 
2.24 mmol) were dissolved in 60 mL anhydrous dichloromethane under N2. The 
temperature was lowered to 0 °C with an ice bath after all solids were dissolved. DIC (4.9 
mL, 31.36 mol) was added via syringe in one portion. The reaction was stirred overnight 
while the temperature gradually increased to room temperature. The mixture was filtered, 
concentrated and dissolved in CHCl3. The solution was washed with 5% HCl twice, brine 
once, dried over Na2SO4 and solvent was removed in vaccuo. A light yellow solid (9.31 g, 
97%) was obtained with column chromatography on silica gel in MeOH/CHCl3 (5/95, v/v). 
1H NMR (500 MHz, DMSO-d6): 1.31 (s, 8H), 1.43 (s, 18H), 1.55-1.65 (m, 4H), 2.96-3.10 
(m, 4H), 4.03-4.15 (m, 4H), 4.53 (d, J = 6.85 Hz, 2H), 4.97 (d, J = 7.58 Hz, 2H), 5.04 (s, 
4H), 6.87-6.94 (m, 4H), 7.02-7.09 (m, 4H), 7.30-7.46 (m, 10H). 13C NMR (125 MHz, 
DMSO-d6): 25.78, 28.32, 28.48, 29.07, 37.57, 54.57, 65.36, 70.02, 114.90, 127.40, 127.93, 
128.55, 130.34, 137.03, 157.90. 
Synthesis of Di-hydrochloric Acid Salt of Bis-O-benzyl-L-tyrosine-octane-1,8-
diester (M6.6). 80 mL HCl solution (4.0 M in dioxane) was added to 7.60 g (8.91 mmol) 
Bis-N-Boc-O-benzyl-L-tyrosine-octane-1,8-diester and the mixture was stirred overnight 
under N2. The mixture was concentrated and freeze-dried. The obtained solid was washed 
three times with diethyl ether to yield a light yellow powder (6.1 g, 94%) as product. 1H 
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NMR (500 MHz, DMSO-d6): 1.09-1.24 (m, 8H), 1.35-1.50 (m, 4H), 3.00 (dd, J = 13.94, 
8.07 Hz, 2H), 3.16 (dd, J = 14.06, 5.50 Hz, 2H), 3.99 (t, J = 5.22 Hz, 4H), 4.13 (dd, J = 
7.95, 5.75 Hz, 2H), 5.06 (s, 3H), 6.90-7.01 (m, 4H), 7.15 (d, J = 8.56 Hz, 4H), 7.28-7.49 
(m, 10H), 8.73 (br. s., 6H). 13C NMR (125 MHz, DMSO-d6): 25.60, 28.27, 28.96, 35.63, 
53.76, 65.68, 66.81, 69.59, 115.23, 127.22, 128.02, 128.27, 128.87, 130.95, 137.50, 158.01, 
169.56. 
 
6.3.3 General procedures of interfacial polymerization. 
As shown in Scheme 6.3, 1,8-octanediol-L-phenylalanine and 1,8-octanediol-L-
leucine-based poly(ester urea) (Phe-PEU), 1,8-octanediol-O-benzyl-L-tyrosine and 1,8-
octanediol-L-leucine-based poly(ester urea) (Tyr(Bzl)-PEU) were synthesized using the 
following procedure. Monomers (20.4 mmol in total, 1 equiv) and sodium carbonate (4.54 
g, 42.8 mmol, 2.1 equiv) were dissolved in 200 mL of water in a four-neck 2 L round-
bottom flask equipped with mechanical stirring. The cloudy solution was placed in a 35 °C 
water bath and stirred for 1 h. The system was cooled to 0 °C with an ice bath. Additional 
sodium carbonate (2.38 g, 22.4 mmol, 1.1 equiv) dissolved in 40 mL water was added. 
When the temperature of reaction mixture dropped to 0 °C, triphosgene (2.22 g, 7.5 mmol, 
0.37 equiv) dissolved in 45 mL chloroform was added quickly under vigorous stirring. The 
cooling bath was removed after 30 min of stirring. An additional aliquot of triphosgene 
solution (0.40 g, 1.4 mmol, 0.067 equiv, in 15 mL chloroform) was added dropwise over 
an additional 30 min period. After 2 h, the reaction mixture was transferred to a separatory 
funnel. After washing with water, the organic phase was precipitated into hot water under 
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mechanical stirring. Once the product had cooled to ambient temperature, the polymer was 
filtered and dried under vacuum. 
10%Phe (PEU with monomers feed ratio M6.5:M6.4 = 10:90). 1H NMR (500 MHz, 
DMSO-d6): 0.77-0.94 (m, 108H), 1.20-1.67 (m, 174H), 2.91(t, J = 6.60 Hz, 4H), 3.91-4.06 
(m, 40H), 4.08-4.18 (m, 18H), 4.37 (d, J = 7.09 Hz, 2H), 6.22-6.30 (m, 18H), 6.48 (d, J = 
8.07 Hz, 2H), 7.14-7.29 (m, 10H). 
5%Phe (PEU with monomers feed ratio M6.5:M6.4 = 5:95) has the same NMR 
shifts as 10%Phe, only the integrations are different. 5%Tyr(Bzl) (PEU with monomers 
feed ratio M6.6:M6.4 = 5:95) and 10%Tyr(Bzl) (PEU with monomers feed ratio 
M6.6:M6.4 = 10:90) have the same NMR shifts. All PEU polymers possess the same 
backbone structure and share the same L-leucine groups. The chemical shifts of the 
different functionalized units are described in the following parts. 
10%Tyr(Bzl) (PEU with 10% benzyl-protected tyrosine units). 1H NMR (500 MHz, 
DMSO-d6): 5.04 (s, 4H, -ArOCH2-Ar), 6.89 (d, J = 8.31, 4H, tyrosine unit aromatic), 7.05 
(d, J = 8.56 Hz, 4H, tyrosine unit aromatic), 7.26-7.44 (m, 10H, Bzl unit aromatic H). 
Synthesis of 10%Tyr (PEU with 10% tyrosine units). 10%Tyr(Bzl) (6.00 g) was 
dissolved in DMF (60 mL), followed by the addition of palladium/carbon (0.80 g, 10wt% 
of Pd). The suspension was shaken under hydrogen (60 psi) at 40 °C for 24 hrs. After 
filtration with Celite 545, the solution was concentrated and precipitated into water. A white 
solid (5.10 g, 89%) was obtained after filtration and vacuum drying. 1H NMR (500 MHz, 
DMSO-d6): 6.64 (d, J = 8.56 Hz, 4H, aromatic H), 6.92 (d, J = 8.56 Hz, 4H, aromatic H), 
9.17 (s, 2H, -Ar-OH). 
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Synthesis of 10%CA(AN) (PEU with 10% acetonide protected catechol units). 
10%Tyr (1.00 g), acetonide protected 3,4-dihydroxyhydrocinnamic acid (0.21 g, 0.92 
mmol) and DPTS (0.054 g, 0.18 mmol) were dissolved in 10 mL DMF under N2. The 
temperature was cooled to 0 °C with ice-water bath and EDC (0.18 g, 0.92 mmol) was 
added in one portion. The mixture was stirred for 36 h at room temperature and then 
precipitated into water (pH = 8-9, adjusted by addition of NaHCO3). A white solid (1.01 g, 
92%) was obtained after filtration and vacuum drying. 1H NMR (500 MHz, DMSO-d6): 
2.82 (dd, J = 12.84, 5.75 Hz, 8H, -OOCCH2CH2Ar-), 6.62-6.67 (m, 6H, aromatic H from 
protected catechol), 6.93 (d, J = 8.31 Hz, 4H, aromatic H from tyrosine unit), 7.15 (d, J = 
8.31 Hz, 4H, aromatic H from tyrosine unit). 
Synthesis of 10%CA (PEU with 10% catechol units). 10%CA(AN) (1.00 g) was 
added to 10 mL degassed CHCl3 in a 50 mL round-bottom flask equipped with a stir bar 
under argon. After the polymer was dissolved, a mixture of 4 mL trifluoroacetic acid, 0.2 
mL H2O and 5 drops of triisopropylsilane was added. The mixture was stirred under argon 
for 2 h at room temperature. It was then concentrated and precipitated into cold diethyl 
ether. A white solid (0.79 g, 80%) was obtained after vacuum drying. 1H NMR (500 MHz, 
DMSO-d6): 2.77 (br. s., 8H, -OOCCH2CH2Ar-), 6.47-6.53 (m, 2H, aromatic H from 
catechol, overlaps with -OCNHCH(CH2Ar)CO-), 6.62-6.66 (m, 4H, aromatic H from 
catechol), 6.94 (d, J = 8.31 Hz, 4H, aromatic H from tyrosine unit), 7.16 (d, J = 8.31 Hz, 
4H, aromatic H from tyrosine unit). 
5%Tyr, 5%CA(AN) and 5%CA containing 5% functional units were synthesized 
from 5%Tyr(Bzl) with the same procedures described above. 
 
131 
6.3.4 Mechanical property measurements of 5%Phe 
Thin films of 5%Phe were fabricated using a vacuum compression machine (TMP 
Technical Machine Products Corp.). The machine was preheated to 74 °C and 0.9 g of the 
polymer was added into the mold. After 5 minutes of melting, the system was degassed 
three times. 10 lbs*1000, 15 lbs*1000, 20 lbs*1000, 25 lbs*1000 of pressure were applied 
for 4 minutes respectively. After that, the mold was cooled down with 1000 psi of pressure 
to prevent wrinkling of the film’s surface. The films were visually inspected to ensure that 
no bubbles were present in the films.   
The elastic modulus of each polymer was obtained using Instron (Instron 5567 
Universal Testing Machine with a chamber for temperature control). The gauge length was 
set as 12 mm and the crosshead speed was 3 mm/min. The dimensions of the rectangular 
specimens were 20 mm in length, 4.5 mm in width and 0.6 mm in thickness. The tensile 
tests were carried out at room temperature (25 ± 1℃) and at physiological temperature (37 
± 1℃). The elastic moduli were calculated using the slope of the linear fit of the data from 
a strain range of 0% to 3%. The reported results are the average values for three individual 
measurements.  
 
6.3.5 Lap-shear adhesion testing 
Lap-shear adhesive strength experiments were completed according to the ASTM 
D1002 standard with a minor modification.169,281 Aluminum substrates were prepared from 
mirror-polished aluminum plate with a thickness of 1.6 mm. Each adherend was cut into a 
rectangular shape, 7.50 cm long × 1.25 cm wide; a centered hole of 0.64 cm diameter was 
drilled into each adherend 1.25 cm from one end. The adherends were washed in sequence 
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with hexane, ethanol, acetone, deionized water and then dried overnight prior to use. 
Polymer solutions in THF (0.2 g/mL, 25 µL) were added on one adherend and spread over 
the lap area. The adherends were overlapped at 1.25 × 1.25 cm in a lap shear configuration. 
For the tests with cross-linker, 20 µL 0.25 g/mL polymer solution and 5 µL Bu4N(IO4) 
solution (0.3 equiv of cross-linker per catechol group, in THF) were applied. The adherends 
were then clipped and allowed to cure for 1 h at room temperature, 24 h at 65 °C, and 1 h 
at room temperature. 
Lap-shear adhesion measurements were performed using an Instron 5567 materials 
testing system equipped with 1000 N load cell. Adherends were pulled apart at a rate of 1.3 
mm/min. The adhesive strength was obtained by dividing the maximum load (N) observed 
by the area of the adhesive overlap (m2), giving the lap-shear adhesion in Pascals (Pa = N 
m-2). For the 37 °C adhesion tests, the adherends were cured for 1 h at room temperature, 
24 h at 65 °C, and 1 h at 37 °C. The measurements were conducted on Instron 5567 with a 
chamber to control the temperature at 37±1 °C. 
Porcine skins were cut into 5 cm × 1.5 cm strips and were used without further 
purification or modification. Polymer solutions in dioxane (0.2 g/mL, 20 µL) were added 
on both adherends and spread over the lap area. For the tests with cross-linker, 20 µL 0.25 
g/mL polymer solutions and 5 µL Bu4N(IO4) solutions (0.3 equiv of cross-linker per 
catechol group, in dioxane) were applied. The adherends were overlapped in a lap-shear 
configuration and a ~15 g weight (comprised of copper shot in a 15 mL centrifuge tube) 
was place on top of the joint. The overlap area of each sample was measured. The 
adherends were then allowed to cure for 4 h at room temperature. Lap-shear measurements 
were performed on Instron 5567 under room temperature. For comparison purposes, the 
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porcine skin adherends were glued together using a commercial fibrin surgical sealant 
(TISSEEL®, Baxter). The TISSEEL® fibrin glue was prepared according to manufacturer’s 
instructions, and 100 µL was applied in the same manner of PEU adhesives. All other 
conditions were kept the same as PEU adhesive samples. 
 
6.3.6 Contact angle measurement 
Polymer thin films were spin coated on pre-cleaned glass slides from 1% (w/v) 
dioxane solutions. Contact angles of five liquids of known surface tensions (water, ethylene 
glycol, propylene glycol, formamide and glycerol) on the polymer films were measured 
using a Ramé-Hart contact angle goniometer. At least five measurements were performed 
on different spots and averaged. The measurements were conducted under room 
temperature. 
 
6.3.7 JKR work of adhesion measurements 
Optical microscopy was used to measure the radii of the lenses using an Olympus 
Microscope with CellSens® Dimension software. The lens was placed on top of a thin 
elastomeric ribbon. A home-built JKR apparatus was used to measure the work of adhesion. 
The load cell was purchased from Futek, model LSB 200 with a maximum capacity of 1 N 
and attached to a translating stage moving in the Z direction. A zig-zag glass arm was fixed 
to an XY translating base. The ribbon and lens were placed on the glass support and the 
load cell traveled toward the lens supported by the stationary glass arm. 
Substrates were prepared by spin coating 1% (w/v) dioxane solutions of polymers 
on pre-cleaned glass slides and dried under vacuum for 2 hrs. The film thickness was 
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around 50 nm as measured by ellipsometry (VASE M-2000, J.A. Woollam Co.). The 
substrates were manually brought into close proximity to the rubber lens without contact 
and then brought into contact with a computer controlled high resolution picometer® motor. 
After contact was established and the instrument was equilibrated for one minute, the lens 
was loaded in 0.1 to 0.2 mN intervals at 0.02 μm/s. Unloading measurements were recorded 
continuously at a rate of 0.01 μm/sec. These loading and unloading rates were the slowest 
allowed by the instrumentation. The lens traveled an estimated distance of four to six μm 
one way as measured by a 0-15-0 dial test indicator. Work of adhesion of PDMS-PDMS 
was measured prior experimentation in order to to confirm the accuracy of the JKR 
instrument and the preparation of smooth PDMS lenses.  
 
6.4 Results and Discussion 
Polymer synthesis and characterization, surface energy studies, lap-shear adhesion 
and work of adhesion studies are described in this section. 
 
6.4.1 Polymer synthesis and characterization 
Scheme 6.3 shows the synthetic route of the PEU-based adhesive polymers. 
Phenylalanine, leucine and benzyl-protected tyrosine PEUs were prepared via interfacial 
polycondensation between respective monomers and triphosgene. Fast reaction rates and 
nearly quantitative yield can be achieved through interfacial polymerization under low 
temperature. Since interfacial polymerization is kinetically controlled, precise 
stoichiometric control between monomers and triphosgene is less critical.282 Two different 
monomer feed ratios (5:95 and 10:90) were used to obtain PEUs with different contents of 
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phenylalanine and benzyl protected tyrosine units. The 1H NMR of the obtained polymers 
showed that ratios of monomers incorporated into the PEUs were close to the feed ratios. 
In this work, all PEUs were named to indicate the functional unit and its feed amount. All 
other units were leucine-based as indicated in Scheme 6.3. For example, 10%Phe is a PEU 
with 10% of phenylalanine based units, while 10%CA means the PEU has 10% of catechol 
functional units. 
 
  
Scheme 6.3. The synthesis route of PEU-based adhesives. 
 
Tyrosine PEUs (Tyr-PEU) were prepared by a palladium catalyzed hydrogenation reaction 
to deprotect benzyl protecting groups. Catechol functionalized PEUs (CA-PEU) were 
achieved through post-polymerization functionalization. First, PEUs with protected 
catechol groups (CA(AN)-PEU) were synthesized through esterification reaction between 
acetonide-protected 3,4-dihydroxyhydrocinnamic acid and phenol groups. After 
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deprotection with trifluoroacetic acid, free catechol groups were obtained. The PEUs with 
different functional groups were characterized by 1H NMR spectroscopy.  Figure 6.1 
shows the 1H NMR spectra of 10%Phe, 10%Tyr and 10%CA with assignments. Aromatic 
protons of 10%Phe have chemical shifts between 7.14 ppm and 7.29 ppm (Figure 6.1a).  
Figure 6.1b shows characteristic peaks from tyrosine units: peaks located at 6.64 ppm and 
6.92 ppm are from tyrosine aromatic protons, while the single peak at 9.17 ppm is assigned 
to hydroxyl protons. The complete removal of benzyl protecting groups by hydrogenation 
reacti was confirmed by comparing 1H NMR spectra before and after the reaction. Peaks  
 
 
Figure 6.1. 1H NMR spectra of (a) 10%Phe, (b) 10%Tyr and (c) 10%CA. The peaks 
corresponding to functional units are assigned. 
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Figure 6.2. 1H NMR spectra of 10%Tyr(Bzl) and 10%Tyr.  
 
corresponding to benzyl aromatic and methylene protons disappeared after hydrogenation 
(Figure 6.2). Figure 6.1c indicates that the phenol groups reacted to form ester bonds with 
no observable peak at 9.17 ppm. The single peak located at 2.77 ppm comes from 
methylenes of 3,4-dihydroxyhydrocinnamic acid. The aromatic protons from catechol 
groups have chemical shifts of 6.47-6.53 ppm and 6.62-6.66 ppm; peaks at 6.94 ppm and 
7.16 ppm are from tyrosine units. The deprotection reaction was successful as confirmed 
by 1H NMR (Figure 6.1) and 13C NMR (Figure 6.3). PEUs with 5% functional groups were 
synthesized and also characterized by NMR spectroscopy. 
Physical properties, including molecular mass (Mn and Mw), molecular mass 
distribution (ĐM), glass transition temperature (Tg) and thermal decomposition temperature  
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Figure 6.3. Part of the 13C NMR spectra of 10%CA(AN) and 10%CA. The disappearance 
of peak at 25.93 ppm indicates the deprotection is successful. 
 
(Td), of the polymers were characterized and summarized in Table 6.1. SEC data were not 
obtained for the catechol containing polymers to prevent adhesion onto the high surface 
area SEC column.170 A 5% tyrosine PEU was put under deprotection reaction conditions 
and polymers were removed and subjected to SEC analysis at different reaction times. The 
results showed that almost no decrease in molecular mass was observed up to 2 h (Figure 
6.4, Table 6.2). This indicated the PEU backbone was stable throughout deprotection 
conditions. The molecular mass of protected catechol polymers were obtained for 
comparison. The number average molecular mass of the polymers were within the range 
of 50 kDa to 85 kDa range, and the molecular mass distributions were between 1.1 and 2.0. 
As no signification difference on the molecular mass was observed, its influence on 
adhesion of the polymers was not studied. The decomposition temperatures indicate that  
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Figure 6.4. SEC traces of 5%Tyr and the products at different reaction times (40 min, 80 
min and 120 min) under the deprotection condition. 
 
Table 6.1. Physical properties of the modified PEUs. 
 
Mn
a 
(kDa) 
Mw
b 
(kDa) 
ĐMc 
Td
d 
(°C) 
Tg
e 
(°C) 
5%Phe 84.8 98.3 1.16 282 36.5 
5%Tyr 70.6 142.3 2.02 258 40.0 
5%CA(AN) 72.5 90.1 1.24   
5%CA / / / 267 36.4 
10%Phe 56.7 68.8 1.22 282 37.3 
10%Tyr 51.7 71.3 1.38 262 29.2 
10%CA(AN) 66.0 93.5 1.42   
10%CA / / / 282 44.5 
aNumber-average molecular mass. bWeight-average molecular mass. 
cMolecular mass distribution ĐM = Mw/Mn. This was obtained after polymer 
precipitation, which narrows the molecular mass distribution compared to 
the theoretical expectation for step growth polymerization reactions. 
dDecomposition temperature (5% weight loss) determined by thermal 
gravimetric analysis (TGA) under N2. 
eGlass transition temperature 
determined by DSC. 
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Table 6.2. Molecular weight analysis of 5%Tyr and the products at different reaction 
times under deprotection conditions. 
 
Mn
a 
(kDa) 
Mw
b 
(kDa) 
ĐMc 
5% Tyr 49.6 63.1 1.27 
40 min 57.1 68.5 1.20 
80 min 48.4 56.9 1.17 
120 min 50.6 60.0 1.19 
aNumber-average molecular weight. bWeight-average molecular 
weight. cMolecular weight distribution ĐM = Mw/Mn. 
 
all PEU-based polymers are stable up to 250 °C. The glass transition temperatures are all 
above room temperature and in the range of 29 - 45 °C. The PEU system provides excellent 
tunability in mechanical and thermal properties by using different amino acids and diols.273 
These polymers can be synthesized to have certain mechanical and thermal properties for 
targeting specific applications. 
 
6.4.2 Surface energy studies 
Surface energy is an important parameter for understanding interfacial interactions 
between materials. Surface energy of a polymer can be estimated from contact angle 
measurements.283-286. The following equation was used to calculate the surface energies of 
PEUs:287  
(1 + 𝑐𝑜𝑠𝜃𝐿𝑃)𝛾𝐿
2√𝛾𝐿
𝑑
= √𝛾𝑆
𝑑 + √
𝛾𝐿
𝑝
𝛾𝐿
𝑑
√𝛾𝑆
𝑝                                                  (6.1) 
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where θLP is the Young’s contact angle283, 𝛾𝐿  is the liquid surface tension, 𝛾𝐿
𝑑  is the 
dispersion component of liquid surface tension, 𝛾𝐿
𝑝
 is the polar component of liquid 
surface tension, 𝛾𝑆
𝑑 is the dispersion component of polymer surface energy and 𝛾𝑆
𝑝
 is the 
polar component. By measuring contact angle with different probe liquids and fitting the 
data using eq. 6.1, the dispersion and polar components of polymer surface energy can be 
obtained from the slope and intercept. The liquids used in this study and their properties 
are listed in Table 6.3.  
 
Table 6.3. Surface tension of liquids used for contact angle measurements.  
 
Ethylene 
Glycol288 
Formamide287 Glycerol287 H2O
287 
Propylene 
Glycol289 
𝛾𝐿
𝑑 (mN/m) 32.8 39.5 37 21.8 26.4 
𝛾𝐿
𝑝
 (mN/m) 16 18.7 26.4 51 9 
𝛾𝐿 (mN/m) 48.8 58.2 63.4 72.8 35.4 
 
 
The results from contact angle measurements are plotted according to eq. 1 and 
shown in Figure 6.5. Figure 6.5a shows plots and fitting curves for 5% polymers and Figure 
6.5b shows plots and fitting curves for 10% polymers. Surfaces energies of the polymers 
were calculated and the results are listed in Table 6.4. Table 6.4 shows that the surface 
energies of all polymers include a polar component with comparable value to the dispersive 
component. These results confirmed the presumption that PEU-based polymers have polar 
properties. All of the polymers have similar surface energies, both the dispersive and polar 
parts. Generally, different PEU functional groups did not result in significantly different 
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surface energies. Considering that only 5% or 10% of all repeat units are functional groups, 
it is believed that such a low percentage of difference in functionality was not enough to 
greatly alter the surface properties of these polymers. 
 
 
Figure 6.5. Surface energy fitting plots derived from contact angle measurements. (a) 
Fitting curves of 5% PEUs. (b) Fitting curves of 10% PEUs. 
 
Table 6.4. Surface energies of the PEUs. 
 5%Phe 5%Tyr 5%CA 10%Phe 10%Tyr 10%CA 
𝛾𝑆
𝑑 (mJ/m2) 14.8±4.0 14.1±5.2 12.9±4.2 14.9±4.3 11.4±4.7 14.4±4.7 
𝛾𝑆
𝑝
 (mJ/m2) 13.2±4.0 15.3±5.8 16.5±5.0 13.7±4.5 19.1±6.5 15.3±5.2 
𝛾𝑆 (mJ/m
2) 28.0±5.7 29.4±7.8 29.4±6.5 28.6±6.2 30.5±8.0 29.7±7.0 
 
6.4.3 Lap-shear adhesion measurements 
Adhesion of PEU-based polymers was examined in a lap shear configuration by 
bonding two mirror polished aluminum adherends together.171 Lap shear has been the most 
common adhesion bonding test among several existing techniques.171 5% and 10% 
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polymers were tested at ambient temperature. To study the adhesion under physiological 
conditions, 5% polymers were also tested at 37 °C. Lap-shear results for all polymers are 
provided in Figure 6.6. 
 
    
Figure 6.6. (a) Lap-shear adhesion of 5% and 10% polymers on aluminum adherends. 
(Tests performed at room temperature, r.t.) (b) Comparison of lap-shear test results of 5% 
polymers at r.t. and 37 °C. IO4
- denotes catechol functionalized polymer with the addition 
of tetrabutylammonium periodate as cross-linker. For each test, at least six samples were 
measured and averaged. 
 
From Figure 6.6a, 5%Phe and 5%Tyr have lap-shear adhesion strengths of 0.80 ± 
0.22 MPa, and 0.84 ± 0.19 MPa, respectively. When the phenylalanine units increase to 
10%, lap-shear adhesion strength near 0.92 MPa is achieved. PEU containing more 
tyrosine units (10%Tyr) has 1.08 ± 0.22 MPa of lap-shear adhesion strength. The 
difference between these four polymers is minimal, indicating that incorporation of phenol 
groups as side chains did not result in much difference on adhesive strength. Similarly, the 
5% increase on both Phe and Tyr functional units did not influence the lap-shear strength. 
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With regard to PEUs bearing catechol groups, 5% functional group incorporation leads to 
increased adhesive strength to 1.47 ± 0.43 MPa, while PEU with 10% CA exhibits slightly 
increased adhesive strength properties of 1.18 ± 0.17 MPa compared to Phe or Tyr based 
PEUs. Nevertheless, catechol group incorporation leads to an increase in the lap-shear 
adhesion strength. The adherends used for testing polymers with phenylalanine, tyrosine 
and catechol functional units presented primarily cohesive type failure. This indicates that 
all types of PEUs have relatively strong interaction with aluminum surfaces. These 
interactions could be polar interactions or hydrogen bonding, considering the polymers 
have a relatively large polar component of surface energy and ester/urea bonds. The lap 
shear adhesion strength was determined by the cohesive strength of polymer between 
adherends. Thus, the slightly increased lap-shear adhesion for catechol polymers might 
come from the increased mechanical strength of the polymer.  
Catechol groups are able to form stable linkages when the cross-linker, 
N(C4H9)4(IO4), is introduced to the system.
170 A 0.3 equivalent of cross-linker relative to 
catechol groups was chosen for cross-linking. This ratio has been shown to yield the 
strongest adhesion for polymers mimicking mussel adhesive proteins.172 The addition of 
cross-linker into 5%CA increased the lap-shear adhesion strength to 2.46 ± 1.03 MPa, 
while for 10%CA, the adhesive strength dropped to around 0.57 MPa, as shown in Figure 
6.6a. Adhesive failure was observed for these two measurements, which was different 
compared to PEUs without cross-linking treatment. Figure 6.7 shows images of adherends 
with different failure types. Cross-links formed in polymer with 5% catechol groups 
increased the cohesive strength of the material and increased lap-shear adhesion strength. 
For 10%CA, the decreased adhesion strength indicates that an increase in cross-linking  
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Figure 6.7. Representative images of adherends with different failure types. (a) Image of 
the adherends after lap-shear adhesion test of 10%CA showing a majority of cohesive 
failure. (b) Image of the adherends after lap-shear adhesion test of 10%CA with cross-
linker showing adhesive failure. 
 
affects the lap-shear adhesive strength of the material.170 Cohesion and adhesion should be 
balanced in order to obtain optimal adhesive performance. 
To compare PEU adhesives with commercial glues, the lap-shear adhesion of ethyl 
cyanoacrylate (Super Glue Corp., CA) and epoxy (5 minutes setting epoxy, Super Glue 
Corp., CA) was measured under identical conditions (e.g., quantity of glue, substrate and 
cure conditions). Cyanoacrylate and epoxy showed adhesion of 3.0 ± 1.8 MPa and 6.3 ± 
0.6 MPa respectively. It is very exciting that the bonding strength of cross-linked 5% 
catechol functionalized PEU is close to cyanoacrylate, although weaker than epoxy. 
When adhesion measurements were performed at 37 °C, all of the 5% polymers 
(5%Phe, 5%Tyr and 5%CA) showed decreased lap-shear adhesion as shown in Figure 
6.6b, and the failure type remained cohesive. Compared with ambient temperature tests, 
the elevated temperature resulted in weaker cohesion strength of these materials and lead 
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to decreased lap-shear adhesive strength. This was confirmed by mechanical test results of 
5%Phe (Figure 6.8, Table 6.5). The Young’s modulus of 5%Phe decreased from 3.0 ± 1.1 
MPa to 1.8 ± 0.2 MPa when testing temperature was increased from room temperature to 
37 °C, indicating decreased mechanical strength of the polymer under elevated temperature. 
For 5%CA after cross-linking, the failure type was adhesive. The decreased adhesion 
could result from more cross-links or more dynamic cross-links formed at 37 °C compared 
to those at room temperature. This led to a lower affinity to adherends and hence decreased 
laps-shear adhesive strength. 
 
 
Figure 6.8. Stress-strain curves for 5%Phe measured at room temperature (25 ± 1℃) and 
physiological temperature (37 ± 1℃) with rectangular samples. Three measurements were 
acquired for each sample. 
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Table 6.5. Mechanical properties of 5%Phe. 
 
E  ´
(MPa) 
Stress at break 
(MPa) 
Strain at break 
(%) 
Test at r.t. 3.0 ± 1.1 2.9 ± 0.7 457.0 ± 5.5 
Test at 37 ℃ 1.8 ± 0.2 2.2 ± 0.4 693.0 ± 17.8 
 
 
 
Figure 6.9. Lap-shear adhesion properties of 5% PEU adhesives using porcine skin 
adherends. (a) and (b): images of the lap shear strength test setup. (c) Lap shear strength of 
the 5% PEU adhesives and TISSEEL® fibrin glue. IO4
- denotes catechol functionalized 
polymer with the addition of tetrabutylammonium periodate as cross-linker. At least five 
samples were measured for each test and results were averaged. 
 
Lap shear adhesion tests of polymers on porcine skins were performed to evaluate 
possible applications of these adhesives on skin. With biological similarity to human 
dermis, porcine skins are commonly used for biomedical experiments.166 Figure 6.9a and 
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6.9b show images of the lap shear test setup using porcine skin adherends. 5% 
functionalized polymers were chosen because they have shown relatively strong adhesion 
on aluminum adherends, especially after cross-linking. The lap-shear adhesion results are 
shown in Figure 6.9c. Polymers with phenylalanine, tyrosine and catechol functional 
groups yield weak lap-shear adhesion strengths around 3 kPa. The addition of cross-linker 
improved the lap-shear adhesive strength to about 9 kPa, which was very close to 
commercial TISSEEL® fibrin glue. All of the tests performed on porcine skins showed 
adhesive failure type. The adhesive strength was comparable to other adhesives, such as 
poly(acrylic acid) based adhesive,166 but was lower than other recently reported catechol 
functionalized polymers.159,179 All un-cross-linked polymers showed limited adhesion to 
the porcine skin. The introduction of catechol did not result in improved adhesion, although 
it has been previously demonstrated that catechol groups could increase bonding capability 
to tissues.176 The weak bonding in these experiments might have resulted from the low 
percentage of catechol groups and the use of a solvent with a relatively high boiling point 
(dioxane). The addition of cross-linker resulted in higher lap-shear adhesive strength which 
may be due to increased interaction between polymer and porcine skin, which could result 
from a Michael-type addition between quinone form of catechol groups and thiol groups 
available in porcine skin.175 
 
6.4.4 Work of adhesion 
The measurement of the interfacial or intrinsic strength of an adhesive bond 
between solids is fundamental in the science of adhesion.290  JKR-type experiments based 
on the JKR theory of contact mechanics have been developed to measure the intrinsic 
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strength of adhesive bonds between solids.290-292 The work of adhesion has been a key 
thermodynamic parameter to characterize the interactions between two dissimilar 
surfaces.293  The work of adhesion of PEU based polymers was determined in the 
framework of JKR contact mechanics to study the adhesive properties. For contact between 
a hemispherical probe and a flat surface, the JKR model predicts the radius (a) of contact 
deformation resulting from the joint influences of surface and external forces.294  They 
are related by eq 6.2: 
𝑎3 =
𝑅
𝐾
[𝐹 + 3𝜋𝑅𝑊 + √6𝜋𝑅𝑊𝐹 + (3𝜋𝑅𝑊)2]                                 (6.2) 
R is the radius of the probe, K is the combined elastic modulus, W is the work of adhesion 
and F is the applied load. PDMS lens were used as the soft probe. The radius of contact 
was obtained by analyzing the contact spots. The forces (F) were recorded by a force sensor. 
The cubic contact radius versus force curves for the measurements between the PDMS 
probe and 5% functionalized polymer are shown in Figure 6.10. By fitting the loading  
 
 
Figure 6.10. Plot of cubic contact radius versus the compressive force during the loading 
and unloading processes of JKR measurements on PEU surfaces in air. (a) 5%Phe, (b) 
5%Tyr and (c) 5%CA. 
150 
curve with the JKR model, the work of adhesion (W) and the elastic modulus (K) were 
obtained. The work of adhesion as a function of composition was summarized in Table 6.6. 
Since PDMS mainly has dispersive interactions with other surfaces, the work of 
adhesion between a PDMS lens and PEU polymer films can be estimated by eq 6.3:294 
𝑊𝑡ℎ𝑒𝑜 = 2√𝛾𝑃𝐷𝑀𝑆 ∙ 𝛾𝑆
𝑑                        (6.33) 
𝛾𝑃𝐷𝑀𝑆 is the surface energy of PDMS and a value of 22 mJ/m
2 was used,294 𝛾𝑆
𝑑 is the 
dispersive component of surface energy of the polymer. The work of adhesion was 
calculated and listed in Table 6.6. Functionalized polymers (5%) were investigated to study 
the adhesion properties since they showed higher lap-shear adhesion on aluminum 
adherends when cross-linked. All the polymers showed a JKR work of adhesion in the 
range of 31 mJ/m2 to 34 mJ/m2 and were in good agreement with surface energy results 
from contact angle measurements. Almost no difference on work of adhesion was observed 
for the polymers with phenylalanine, tyrosine and catechol functional groups. Since there 
are only dispersive interactions between the PDMS lens and the polymer surface, these 
results demonstrate that the polymers have similar dispersive interactions with PDMS. As 
shown in Figure 6.10, a significant amount of hysteresis between loading curves and 
unloading curves were observed. The hysteresis indicates non-equilibrium processes, such 
as energy used in bulk deformations, in addition to the thermodynamic work of adhesion 
needed to separate the two surfaces.293 While this approach shows dispersive interaction, 
polar interactions may contribute to adhesive hysteresis similar to that seen in PDMS-
glass.295 With the complex structure of these PEU polymers in mind, it is hard to decouple 
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each component and understand the origin of the observed hysteresis.296 Further studies are 
required to investigate and understand the adhesion behaviors of such materials. 
 
Table 6.6. JKR work of adhesion of 5% polymers. 
 
Calculated W 
(mJ/m2) 
Measured W 
(mJ/m2) 
5%Phe 36.2±1.3 31.4±0.8 
5%Tyr 35.2±2.4 33.8±1.0 
5%CA 33.7±1.8 33.1±0.8 
 
6.5 Conclusion 
A new type of poly(ester urea)-based degradable polymer adhesive inspired by 
mussel adhesive proteins was synthesized using interfacial polycondensation. The 
adhesion properties and surface energies of PEUs bearing phenylalanine, tyrosine and 
catechol functional units were characterized and compared. All types of PEUs show 
relatively strong adhesion on aluminum adherends, especially the materials possessing 
catechol functional units. Meanwhile, cross-linking treatment of catechol containing PEUs 
leads to a significant increase in lap-shear adhesion strength. Cross-linked catechol 
functionalized PEU-based adhesives show comparable lap-shear adhesive strength to 
commercial fibrin glue on porcine skin. The JKR work of adhesion matches well with 
surface energy studies. With the advantageous tenability of mechanical properties and 
degradation behavior, these bio-mimetic adhesives provide a new clinical option for further 
development. 
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